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1. Abstract  7 

A major problem worldwide is the increase in global energy consumption due to the drastic 8 

growth in population and requirements to meet human thermal comfort. The residential sector 9 

is one of the biggest energy consumers, and the most significant share is attributed to space 10 

and water heating. Renewable technologies are the path for a more sustainable future, and 11 

their full potential has not yet been achieved due to technical and economic limitations. The 12 

use of phase change materials (PCMs) as latent heat storage media has gained interest 13 

among researchers due to its potential and desirable characteristics to broader the 14 

deployment of renewable energies. In PCMs, low thermal conductivity is a significant 15 

drawback, and many techniques were developed to improve it. This review article mainly 16 

focuses on the processes and methods of using highly conductive nanoparticles as a thermal 17 

conductivity enhancement technique of low-temperature PCMs (temperatures from 20 to 18 

70°C) as a promising storage media in residential applications. The paper presents a 19 

comprehensive and up-to-date overview of the preparation methods used for nano-enhanced 20 

PCMs (NEPCMs), the impact of nanoparticles on the thermophysical properties, stability of 21 

NEPCMs, the hybrid heat transfer enhancement techniques using nanoparticles, the 22 

promising low-temperature applications with NEPCMs, and the research gaps in the field. One 23 

of the main findings obtained from this review is that majority of the studies focused on the 24 

material properties with an application in mind, without ever studying the material in the actual 25 

application. More studies are required to be conducted, experimentally and numerically, on 26 

NEPCM domestic applications.  27 

Keywords: Nano-enhanced phase change material; Latent heat thermal energy storage; 28 

Thermal conductivity; Latent heat; Phase change material. 29 
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2. Nomenclature  66 

kNEPCM    Thermal Conductivity Solid Nano-Enhanced Phase Change Material 67 

(W/m K) 68 

kPCM  Thermal Conductivity Solid Phase Change Material (W/m K) 69 

Tm  Melting Temperature Phase Change Material (C) 70 

vol.%  Volume fraction 71 

wt.%  Mass fraction 72 

Abbreviations  73 

Al   Aluminium  74 

Al2O3   Aluminium oxide  75 

AMFA   acid-modified fly ash  76 

CA   Capric acid  77 



3 
 

CBNP   Carbon black nanopowder 78 

CMC   Carboxyl methyl cellulose 79 

CNFs   Carbon nanofibers  80 

CNTs   Carbon nanotubes 81 

CoE          Total cost of energy  82 

CPV         Concentrator Photovoltaic  83 

CSC   Coconut shell charcoal 84 

Cu   Copper      85 

CWT   Carbonized waste tire  86 

DA   Dodecyl alcohol 87 

DCS         Differential scanning calorimetry 88 

DLS   Dynamic light scattering 89 

EG   Expanded graphite  90 

EP             Expanded perlite  91 

Fe   Iron   92 

Fe2O3   Ferric oxide  93 

GNPs   Graphene nanoplatelets 94 

GNF   Graphene nanofibers  95 

LA   Lauric acid  96 

LBM   Lattice Boltzmann method 97 

LCC           Life cycle cost 98 

LCOE        Levelized cost of electricity  99 

LHTES      Latent heat thermal energy storage  100 

L-MWCNTs  Long multi walled carbon nanotubes  101 

MA   Myristic acid 102 

MDCS    Modulated Temperature Differential Scanning Calorimetry  103 

MWCNTs  Multi-walled carbon nanotubes 104 

Na2SO4·10H2O Disodium sulfate decahydrate  105 

Na2SO4·10H2O Salt sodium sulfate decahydrate 106 

Na2HPO4·12H2O Disodium hydrogen phosphate   107 

NC-PCM  Nano coconut shell charcoal phase change material  108 

NG   Nano-graphite 109 

NGPs   Nano-graphene platelets   110 

NG-PCM  Nano-graphite phase change material   111 

NEPCMs   Nano-enhanced phase change materials  112 

PANI   Polyaniline   113 

PBP          Payback period  114 
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PCMs        Phase change materials 115 

PCS   Phase change slurries  116 

RFA   Raw fly ash 117 

PVT         Photovoltaic Thermal  118 

SA   Stearic acid 119 

SAT   Sodium acetate trihydrate  120 

SCFs   Short carbon fibers  121 

SDWHS  Solar domestic water heating systems 122 

SDBS   Sodium dodecyl benzene sulfonate  123 

SDS   Sodium dodecyl sulphate 124 

SiC            Silicon carbide  125 

SiO2   Silicon dioxide  126 

SLL   Sodium stearoyl lactylate 127 

S-MWCNTs  Short multi-walled carbon nanotubes  128 

SSPCM  Shape-stabilized phase change material 129 

TES   Thermal Energy Storage 130 

TiO2   Titanium dioxide  131 

TTHX   Triple-Tube Heat Exchange  132 

xGnP   Exfoliated graphite nanoplatelets  133 

Zn   Zinc 134 

ZnO   Zinc oxide  135 

1. Introduction  136 

The energy requirement to satisfy human comfort and economic development has increased 137 

global energy demand significantly. In the EU, buildings represent 40% of the total energy 138 

consumption [1], where space heating and hot water account for 79% of building energy 139 

consumption [2]. Energy consumption is a dominant factor contributing to local, regional, and 140 

global environmental problems, such as climate change and pollution of air and water [3]. This 141 

is mainly due to primary energy needs being met using non-renewable energy sources. 142 

Hence, using renewable energy sources and improving buildings’ energy efficiency is an 143 

excellent approach to reducing overall energy consumption and greenhouse emissions, 144 

helping mitigate climate change.  145 

Solar energy is one of the vital renewable sources; it is intermittent and sometimes 146 

unpredictable. Therefore, thermal energy storage (TES) is one of the critical systems that 147 

could help alleviate this discrepancy between energy production and use [4]. TES systems 148 

allow the storage and transfer of thermal energy employing a storage medium [5]. There are 149 

three different TES methods: sensible heat storage, latent heat storage, and thermochemical 150 

storage. This paper focuses on latent heat thermal energy storage (LHTES), as it is an 151 

attractive method with advantages such as operating at nearly constant working temperatures, 152 

high energy storage density and a smaller volume of material for a given amount of stored 153 

energy compared with sensible heat storage [6-10].  154 
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Phase change materials (PCMs) can be used as heat storage media in various applications, 155 

including thermal storage of solar energy or waste heat, passive thermal regulation and 156 

thermal comfort in buildings and vehicles [11]. One of the main drawbacks of common PCMs 157 

is their low thermal conductivity, limiting the heat transfer rate in and out of the storage system 158 

and the use of the total energy storage capacity [12]. In terms of material properties, there are 159 

different categories of PCMs, as shown in Fig. 1: organic, inorganic, and eutectic mixtures, 160 

each having advantages, limitations, and primary applications. In terms of thermal 161 

conductivity, organic materials are generally between 0.15 and 0.3 W/mK and inorganic 162 

materials (non-metallic PCMs) between 0.4 and 0.7 W/m K [13]. 163 

 164 

Fig. 1: Phase change materials classification. Modified from [14] 165 

To improve the thermal conductivity of PCMs, researchers have investigated different heat 166 

enhancement techniques. The techniques include encapsulation of the PCM [15-18], 167 

application of extended surfaces such as fins or heat pipes [19-23], implementation of metal 168 

foams [24-27], and dispersion of highly conductive particles and nanoparticles [28-31]. The 169 

incorporation of highly conductive nanoparticles has attracted much attention from 170 

researchers over the last years due to the thermal properties of these materials [32]. Although 171 

the later technique offers advantages through the improvement of heat transfer, 172 

disadvantages such as agglomeration, sedimentation issues, and latent heat capacity 173 

reduction cannot be neglected.  174 

In the last years, several review papers have been published about nano-enhanced phase 175 

change materials (NEPCMs) [33-40] Arshad et al. [34] presented an insightful review about 176 

the recent progress on macro, micro and nano encapsulated PCMs. Leong et al.[33] discussed 177 

the ideal characteristics, thermophysical properties and possible applications of NEPCMs 178 

briefly. Agrawal et al. [35] published a short review paper about the enhancement of PCMs 179 

using nano-particles. The authors affirmed that “Nano embedded PCMs are the best and only 180 

alternative to eliminate the major drawback (low thermal conductivity and heat storage 181 

capacity) to utilize the PCMs in various thermal storage applications”. Jebasingh and Arasu 182 

[36, 37] analysed and discussed the preparation methods, characterization and thermal 183 

properties of the NEPCMs in the temperature range of 20 to 37C. They proposed further 184 

studies of synthesized and surface-functionalized nanoparticles. Jebasingh and Arasu [37] 185 

concluded that organic-based form-stable NEPCMs are a promising solution for thermal 186 

energy storage applications in the range of 20C to 37C. Nizetic et al.[38] published a brief 187 

review covering nano-enhanced PCMs and nanofluids for a range of applications. The authors 188 

proposed that the integral performance-economy-environmental suitability concept should be 189 

applied in future research works associated with nanomaterials, with a necessity for a clear 190 

and accurate description of the specific preparation procedures. Wong-Pinto et al. [41] 191 

compared the nanoparticles used to enhance salt hydrates as PCM, highlighting the increment 192 

in thermal conductivity and the elimination of phase segregation problems. Yang et al.[40] 193 

conducted a brief review of the thermophysical properties, effects and applications of NEPCMs 194 

covering from thermal control units to buildings. Gandhi et al. [42] published a review on 195 

Phase Change 
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Organic
Paraffin

Non-Paraffin

Inorganic
Salt Hydrates

Metallic
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Organic-Organic

Organic-Inorganic

Inorganic-Inorganic
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shape-stabilized phase change materials for latent energy storage in buildings stating the 196 

research gaps in the area.  197 

Although most reviews have mainly focused on improving thermal conductivity, the effect on 198 

other properties such as latent heat, specific heat, viscosity, phase-change temperatures, and 199 

thermal and chemical stability has hardly been discussed; here lies the importance of the 200 

current paper. An overview of the structure of the review paper is presented in Fig. 2. This 201 

review presents an extensive, detailed and critical discussion of the most recent studies of 202 

low-temperature NEPCMs in the temperature range of 20°C to 70° as a promising storage 203 

media in LHTES residential applications. This work intends to provide a compilation and 204 

analysis of the results and discrepancies in the published literature to help the researchers in 205 

the selection of NEPCMs and state of the art of implementation of these storage materials in 206 

domestic applications.  207 

 208 

Fig. 2: Overview structure of the review paper 209 

2. NEPCMs Preparation and Characterization  210 

This section provides a comprehensive review of the existing preparation methods and 211 

characterization techniques used for NEPCMs. The nanoparticles used can be classified into 212 

different categories based on their materials, properties, shapes, or sizes. The size of 213 

nanoparticles ranges from 1 to 100 nm [43], and they can be classified into metals, metals 214 

oxides, and carbon-based materials, as presented in Fig. 3. Expanded graphite (EG) particles 215 

were included in this review, although some studies have not specified the actual particle 216 

sizes. The range of thermal conductivity of nanoparticles depends on their classification; for 217 

instance, the thermal conductivity of carbon-based nanoparticles ranges between 3000 to 218 

6000 W/mK, significantly higher than metal oxides that range between 7 to 80 W/mK [44] and 219 

metal-based, 90 to 450 W/mK [45].  220 
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 221 

Fig. 3: Nanomaterials classification. Modified from Ref. [46] 222 

2.1. Preparation  223 

The techniques used in the preparation of NEPCMs can be divided into one-step and two-step 224 

methods [36, 39, 47]. In the one-step method, the nanocomposite is prepared by producing 225 

and dispersing the nanoparticles into the PCM base fluid in one step. In the two-step method, 226 

the nanoparticles are produced first (separate process) and then dispersed into the PCM (base 227 

fluid) [48]. Fang et al. [49] used a two-step method to prepare eicosane-based NEPCMs with 228 

graphene nanoplatelets (GNPs). Firstly, the GNPs were pre-dried in a vacuum at 105C for 229 

12h; no nucleating agent was added. Secondly, the GNPs loadings of 1, 2, 5 and 10 wt.% 230 

were added into the melted eicosane and subjected to a precise magnetic stirring followed by 231 

intensive sonication. NEPCMs are prepared in different ways, including vacuum impregnation, 232 

stirring and sonication, dispersion and ultrasonication, autoclave method and gravity casting 233 

process. Not many researchers have used the one-step method to prepare the NEPCMs 234 

samples, one of the reasons is the high cost related to this method [50]; alsosome papers are 235 

not specific on which method they used for the NEPCMs preparation. Tables 1 to 4 summarise 236 

different studies for each preparation method of NEPCMs in a temperature range between 20 237 

to 70°C and their main findings. For better understanding, an example of each synthesis 238 

method is presented in the following paragraphs.   239 

 240 
Fig. 4: Synthesis preparation of composite PCM using the stirring and sonication process [51] 241 

In the stirring and sonication process, the nanomaterials are stirred into the molten solution, 242 

and sound waves are applied to agitate the particles. The process can be conducted using an 243 

ultrasonic bath [52]. Yu et al. [51] prepared bio-based NEPCMs with two types of 244 
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nanomaterials, exfoliated graphite nanoplatelets (xGnP) and carbon nanotubes (CNTs), using 245 

the stirring and sonication method (Fig. 4). Firstly, the PCM was melted on a hot plate at 60°C; 246 

after it was completely melted, different loadings of 1, 3, and 5 wt.% were added into the base 247 

fluid. Afterwards, the samples were ultrasonicated for 20 minutes and then cooled at room 248 

temperature until it was completely solidified. The preparation process is well described, but 249 

unfortunately, the type of PCM used is not stated in the paper.  250 

 251 
Fig. 5: Vacuum impregnation equipment [53] 252 

The vacuum impregnation process is widely used to better incorporate the nanoparticles into 253 

the PCM, improving the long-term phase stability of the nanocomposites [54] and preventing 254 

the molten PCM from leaking under pressure [55]. Furthermore, a vacuum impregnation 255 

equipment has been developed to mass-produce shape-stabilised PCM (SSPCM) without the 256 

requirement of additional filtering and the crushing process [56]. Kim et al. [53] used a two-257 

step method to prepare a NEPCM based on hexadecane with xGnP through vacuum 258 

impregnation. The vacuum impregnation equipment is shown in Fig. 5. Before the 259 

nanocomposite preparation, the xGnP was prepared by applying a cost-effective exfoliation 260 

process to the graphite commercially obtained. In order to prepare the nanocomposites, the 261 

xGnP nanoparticles were placed in a filtering flask and pressured to evacuate the air pressure 262 

before mixing with the hexadecane (in liquid state). The sample was vacuumed pressurized 263 

for 60 min. Next, the samples were filtered by a glass fiber filter and dried in a vacuum drier at 264 

80°C for 24h (Table 1).  265 

An autoclave is a sealed device, in this method, the pressure is reduced, and the particles are 266 

incorporated into the PCM. Zent et al. [57] prepared a tetradecanol (TD)/Expanded graphite 267 

(EG) via the autoclave method. Firstly, TD, EG and anhydrous ethanol were mixed in an 268 

autoclave. Then, the autoclave was sealed and heated at 120°C for 24 h. After cooling at 269 

ambient temperature, the samples were removed from the autoclave and heated at 50°C 270 

under reduced pressure allowing the ethanol to be evaporated and then dried under vacuum 271 

for 24h, obtaining the TD/EG SSPCM. The preparation process is well described; however, 272 

the mass fraction of the particles is not specified (Table 4).   273 

Gravity die-casting is a process where the molten composites are poured into a mould cavity 274 

until it solidifies into the desired shape [58]. Mandal et al. [59] prepared cupric oxide (CuO) 275 

nanoparticles through an electrochemical discharge machining process. The gravity die 276 

casting process was implemented to prepare the NEPCMs based on paraffin wax with CuO 277 

nanoparticles. Firstly, the PCM was melted, and the nanoparticles were dispersed into the 278 
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molten mixture and mixed to allow a good dispersion. More details regarding the 279 

nanocomposite synthesis process are lacking, and it is not as well described as the 280 

preparation of the nanoparticles in the paper [59] (Table 4).  281 

Lin and Al-Kayiem [60] used the dispersion and ultrasonication technique to obtain a uniform 282 

dispersion of copper (Cu) nanoparticles in the paraffin wax. The organic PCM was melted, 283 

and the liquid PCM was kept at 70°C by an ultrasonication device, which simultaneously 284 

provided the heating and vibration feature. The ultrasonication was continued for 4 hours to 285 

reduce the agglomeration issue (Table 4).  286 

George et al. [61] synthesized NEPCMs comprising paraffin wax/polyaniline (PANI) with CuO 287 

nanoparticles using probe sonication. The paraffin was melted and kept at a temperature 288 

above 70°C, the PANI and a surfactant were added into the liquid PCM and were sonicated 289 

for 30 min. Afterwards, the CuO nanoparticles were dispersed into the liquid mixture following 290 

a similar procedure (Table 4).  291 

A magnetic stirrer uses a rotating magnetic field, ensuring a homogeneous dispersion of the 292 

nanomaterials. Asfattahi et al. [62] synthesized a new class of nanocomposites 293 

(paraffin/MXene), with loading of 0.1, 0.2 and 0.3 wt,%. MXene is an inorganic material with 294 

exceptional properties such as high surface area, high thermal stability and conductivity. This 295 

material had not been used in TES applications previously. The paraffin wax was heated for 296 

15 min using a hot plate at a temperature of 100°C. The nanoparticles were added into the 297 

melted PCM and magnetically stirred at 500 rpm for 2h continuously (Table 3).  298 

Table 1. NEPCMs preparation using Vacuum impregnation 299 

Synthesis 
Method 

Steps 
PCM / 

Tm (°C) 

Nano 
Material 

Range Mass 
fraction 
(wt.%) 

Studied Ref. 

V
a

c
u

u
m

 i
m

p
re

g
n

a
ti
o

n
 

Two-
step 

LA-MA-SA 

(30.3°C) 

Aluminium 
oxide 

(Al2O3) 

- 

• Thermal conductivity 

• Latent heat 

• Thermal reliability and 
chemical stability (Cycles 
not specified) 

[63] 

Two-
step 

n-docosane 
(41.6 °C) 

EG 2 to 10 

• Thermal conductivity 

• Latent heat 

• Melting time and 
temperature 

[64] 

Two-
step 

Stearic acid 

(53.32°C) 
EG - 

• Latent heat 

• Melting and solidification 
temperatures 

• Thermal stability (Cycles not 
specified) 

• Thermal diffusivity and 
conductivity 

[65] 

- 
Palmitic acid 

(60.9 °C) 
EG 5 to 20 

• Thermal conductivity 

• Phase change 
temperatures 

• Thermal stability (3000 
cycles) 

[66] 

 300 

  301 
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Table 2. NEPCMs preparation using stirring and sonication 302 

Synthesis 
Method 

Steps 
PCM / Tm 

(C) 
Nano Material 

Range 
Mass 

fraction 
(wt.%) 

Studied Ref. 

S
ti
rr

in
g
 a

n
d
 s

o
n

ic
a

ti
o

n
 

- 

Paraffin 
wax, RT 22 

(22.0 C) 
GNPs 0.05 to 0.3 

• Latent heat 
• Specific heat capacity 
• Thermal conductivity 
• Thermal and chemical 

stability (1000 cycles) 
• Viscosity 

[67] 

Two-
step 

Bio-based 
PCM 

(28.1 C) 
CNTs/ xGnP 

1 to 5 • Thermal conductivity 
• Latent heat 

• Thermal stability (Cycles not 
specified) 

[51] 

Two-
step 

Eicosane 

(37.0C) 
GNPs 1 to 10 

• Thermal conductivity 
[49] 

Two-
step 

1-
tetradecanol 

(37.0C) 

GNPs 0.5 to 3 
• Thermal conductivity 

[68] 

Two-
step 

Paraffin 

(39.3C) 

Exfoliated 
graphite sheet 

Graphene 
0.2 to 2.0 

• Thermal conductivity 
[69] 

Two-
step 

Paraffin 
(51.5C) 

Al / Cu/ Zn / Fe 0.5 to 1.5 

• Thermal conductivity 
• Specific heat 

• Density 
[70] 

- 
Paraffin 

(52-58C) 

Graphene 

CNTs 
0.5-1.5 • Thermal conductivity [71] 

Two-
step 

Paraffin 

(53.52C) 

Graphite 
nanosheets 

(GNs) 
0.1 to 4 

• Thermal conductivity 

• Latent heat [72] 

- 
Paraffin 

(54.0C) 

Al2O3 
TiO2 
SiO2 

ZnO 

1 to 3 

• Thermal conductivity 

• Latent Heat 
[73] 

Two-
step 

Stearic acid 
(60.0C) 

TiO2 
0.09 to 

0.36 

• Thermal conductivity 
• Thermal stability (250 

cycles) 
[3] 

Two-
step 

Paraffin 
(60 C) 

Al2O3 2.5 to 10 

• Phase change temperature 
• Heating rate 
• Latent heat 
• Thermal conductivity 

[74] 

Two-
step 

Palmitic acid 
(60.2 C) 

CuO 0.1 to 0.3 

• Phase change temperatures 
• Latent heat  
• Thermal reliability (up to 

4000 cycles) 
• Thermal conductivity 

[75] 

Two-
step 

n-
nonacosane 

(61.6 C) 

xGnP/ 
Graphite oxide 

1 to 10 • Thermal conductivity [76] 

Two-
step 

Beeswax 
(62.3 C) 

GNPs 0.05 to 0.3 

• Thermal capacity 
• Latent heat 
• Viscosity 
• Thermal conductivity 

[77] 

Two-
step 

Palmitic acid 
(62.7 C) 

MWCNTs 1 and 5 • Thermal conductivity [78] 

Two-
step 

Paraffin 
(65.0 C) 

S-MWCNTs/ 
L-MWCNTs/ 

CNFs/ 
CNPs 

1 to 4 

• Thermal stability (Cycles not 
specified) 

• Viscosity 
• Thermal conductivity 

[79] 
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Two-
step 

Octadecane, 
hexadecane 
and paraffin 

xGnP 3 and 5 
• Thermal conductivity 
• Latent heat 
• Melting temperature 

[80] 

Table 3. NEPCMs preparation using Stirring technique 303 

Synthesis 
Method 

Steps 
PCM / Tm 

(C) 

Nano 
Material 

Range Mass 
fraction 
(wt.%) 

Studied Ref. 

S
ti
rr

in
g
 

Two-
step 

1-dodeconal 

(22.0C) 
MWCNTs 1 and 2 

• Thermal conductivity 

• Viscosity 
[81] 

Two-
step 

Paraffin 

(49.73C) 
Al2O3 0.5 to 1.5 

• Phase change 
temperatures 

• Thermal degradation 

• Thermal energy storage 

[82] 

- 
Paraffin 

(51-57C) 
Al2O3 - 

• Thermal regulation  

• Efficiency enhancement of 
PV system  

[83] 

One-
step 

Stearic acid 

(52.9 C) 
EG 2 to 10 

• Thermal conductivity 

• Latent heat 
[84] 

Two-
step 

n-docosane 

(55.2) 
xGnP 1 to 7 

• Thermal conductivity 

• Latent heat 
[85] 

Two-
step 

Paraffin wax 
(60.1C) 

carbon black 
nanopowder 

(CBNP) 
0.5 to 2.5 

• Thermal conductivity 
• Photo-thermal conversion 

efficiency 
[86] 

Two-
step 

Capric acid 
(32 C) 

Palmitic acid 
(64 C) 

CuO 1-3 

• Thermal conductivity  
• Latent heat  
• Thermal stability 
• Viscosity 

[87] 

Two-
step 

Paraffin, 
PW70 

(70.0 C) 

MXene 
(Ti3C2) 

0.1 to 0.3 

• Thermal conductivity 
• Specific heat capacity 
• Thermal stability (Cycles 

not specified) 

[62] 

Table 4. Additional methods of preparation of NEPCMs  304 

Synthesis 
Method 

Steps PCM / Tm (C) 
Nano 

Material 

Range 
Mass 

fraction 
(wt.%) 

Studied Ref. 

A
u

to
c
la

v
e

 

m
e

th
o

d
 

Two-
step 

TD 

(35.9 C) 
EG 7 

• Thermal conductivity 

Thermal stability (Cycles not 
specified) 

[57] 

S
o

n
ic

a
ti
o
n
 

Two-
step 

Paraffin 

(59.8 C) 

PANI 

CuO 
0.1 to 5 

• Latent heat 

• Melting temperature 
[61] 

G
ra

v
it
y
 d

ie
 

c
a

s
ti
n

g
 p

ro
c
e

s
s
 

Two-
step 

Paraffin 

(30-35C) 
CuO 0.25 to 1 Thermal conductivity  [88] 

Two-
step 

Paraffin 

(56.06 C) 
CuO - 

• Variation of heat transfer 

• Variation of outlet of water 
temperature (SHW 
application) 

[59] 

D
is

p
e

rs
io

n
 a

n
d

 

U
lt
ra

s
o
n

ic
a

ti
o

n
 

- 
Paraffin 

(58.2 C) 
CuO 2-10 

• Thermal conductivity 
• Phase change 

temperature  
• Latent heat  
• Viscosity 

[89] 

- Paraffin Cu 0.5-2 • Thermal conductivity  [60] 



12 
 

(60.42 C) • Phase change 
temperature 

• Latent heat  
• Stability, degradation and 

morphology  

2.2. Characterization  305 

Table 5 summarises the main characterization techniques used to determine the thermal 306 

properties of the resulting NEPCMs as a function of the nanoparticles properties, size, shape, 307 

and mass fractions. 308 

Table 5. Techniques used to characterize NEPCMs  [81, 90] 309 

No. 
Characterization 

technique 
Description 

1 Scanning Electron 
Microscope (SEM) 

It determines the microscopic morphology of the NEPCMs sample  

2 Differential Scanning 
Calorimeter (DSC) 

It determines the thermal properties such as phase change temperature 
and latent heat of fusion of the material.  

3 Transmission electron 
microscope (TEM) 

It allows the microscopic morphology and dispersion of the 
nanoparticles to be observed.  

4 Fourier transform 
infrared (FTIR) 

Investigates the structures of the nanoparticles and determines the 
chemical group  

5 Thermal gravimetric 
analyzer (TGA) 

It measures the sample weight changes over time after repeated cycles 
to analyze the thermal stability of the NEPCMs 

6 Thermal conductivity 
analysis: steady-state 
and transient methods 

It determines the thermal conductivity of the samples  

Among the characterization techniques stated, the DSC is the most widely used to 310 

characterize the main thermophysical properties of nanocomposites, such as melting 311 

temperature and latent heat capacity [91-93]. The methods used to measure the thermal 312 

conductivity of the PCM can be separated into steady-state and transient methods [94, 95]. 313 

The steady-state methods use a comparative cut bar and a guarded heat flow meter. The 314 

transient methods use hot-wire, thermal probe and laser flash methods [96]. From the 315 

literature review conducted, the transient plate source technique/hot disk thermal is the most 316 

widely used method. The Modulated Temperature Differential Scanning Calorimetry (MDSC) 317 

method can measure the thermal conductivity and diffusivity of the materials [97]. However, 318 

this application is limited as it only measures the thermal conductivity of the material in the 319 

range of 0.10 to 1.0 W/m K.  320 

3. Effect on the thermophysical properties   321 

This section presents an analysis of the effects of inclusion of different nanoparticles, shapes 322 

and mass fractions have on thermophysical properties of NEPCMs such as thermal 323 

conductivity, melting temperature, latent heat capacity, specific heat, viscosity and density.  324 

3.1. Thermal conductivity  325 

The incorporation of different types of high conductivity particles increases the thermal 326 

conductivity of PCMs [98]. According to the literature, the most promising nanomaterials used 327 

for enhancing thermal conductivity are carbon-based materials because of their high thermal 328 

conductivity, such as graphene, CNTs, and GNPs [84, 99]. However, apart from the 329 

nanoparticle type, different parameters, such as size, geometry, and mass fraction [100-102], 330 
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can affect the PCM thermal conductivity enhancement. Table 6 presents the effect of different 331 

mass fractions, shapes and sizes on the solid thermal conductivity of different NEPCMs. The 332 

size and geometry of the nanoparticles are critical parameters to be analyzed; unfortunately, 333 

this information is overlooked in many studies. 334 

Table 6. The effect of the dispersion of nanomaterials on solid thermal conductivity 335 

Base PCM Nano additive 

kNEPCM 
(W/m K) 

Enhancement 
(kNEPCM / kPCM -

1) 

 (%) 

Ref. PCM /  

Tm (°C) 

kPCM  

(W/m 
K) 

Material Size 
Mass 

fraction 
(wt.%) 

Hexadecane 
(18.7°C) 

0.67 

xGnP 

Diameter: 15 

𝜇𝑚 

Thickness: <10 

nm 

3 0.99 49% 

[80] 

5 1.16 74% 

Octadecane 
(28.9°C) 

0.50 
3 0.87 76% 
5 1.00 101% 

Paraffin 
(54.4 °C) 

0.36 
3 0.45 28% 
5 0.62 73% 

1-dodeconal 
(22.0°C) 

0.15 MWCNTs 

Length: 0.5-2 

𝜇𝑚 

Outer diameter: 

8-15 nm 

1 0.16 5% 

[81] 
2 0.17 11% 

Soy wax 
(24.2°C) 

0.32 
Carbon 

nanofibers 
(CNFs) 

Diameter: 30 

nm 

Length: 50 𝜇𝑚 

1 0.41 28% 

[103] 
2 0.43 31% 
5 0.47 44% 

10 0.47 44% 

Paraffin RT 22 
(22.0°C) 

0.15 GNPs 

Length: 21.5 to 

65.5 nm 

Width: 3-5.5 

nm 

0.05 0.46 207% 

[67] 

0.1 0.92 513% 
0.15 1.10 633% 

0.2 1.35 800% 
0.25 1.39 827% 

0.3 1.44 860% 

Paraffin ZDJN-
28 

(26-28°C) 
0.30* 

NG 20 – 500 nm 

0.02 0.36 20% 

[104] 

0.06 0.38* 27% 
0.10 0.34 12% 

Nano CSC - 

0.02 0.32 7% 
0.06 0.33* 9% 

0.10 0.34* 13% 

RT26 
(25-26°C) 

0.233 

CuO 40-80 nm 0.5 0.282 19% 

[105] 

ZnO 90-210 nm 0.5 0.276 17% 
Ag 35 nm 0.5 0.262 12% 

Graphene 11-15 nm  0.5 0.222 5% 

RT28  
(27-29°C) 

0.362 

CuO 40-80 nm 0.5 0.381 5% 

ZnO 90-210 nm 0.5 0.381 5% 
Ag 35 nm 0.5 0.376 4% 

Graphene 11-15 nm  0.5 0.414 13% 

Paraffin RT 
28HC 
(28°C) 

0.18* 

EG 

Diameter: 

400𝜇𝑚 

Length: 1000 

𝜇𝑚 

15 2.45 1,292%* 

[106] 

20 2.53 1,338%* 

25 3.16 1,695%* 

EG 
Diameter: 

120𝜇𝑚 

Length: 200 𝜇𝑚 

15 2.50 1,320%* 
20 2.64 1,400%* 

25 2.74 1,457%* 

EG 
Diameter: <1 

𝜇𝑚 

Length: 10 𝜇𝑚 

15 0.71 303%* 

20 0.88 400%* 
25 0.38 116%* 

Paraffin 
(28.8°C) 

0.13 NG 
Diameter: 35 

nm 

1 0.37 189% 

[107] 
4 0.50 293% 

7 0.57 350% 
10 0.94 641% 

Paraffin 
(29-36°C) 

0.20 GNPs - 

1 0.23 16% 

[108] 
5 0.24 20% 

10 0.26 28% 
20 0.30 47% 

Bio-based 
(29.4°C) 

0.200 CNTs - 
1 0.41 105% 

[51] 
2 0.49 145% 
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Base PCM Nano additive 

kNEPCM 
(W/m K) 

Enhancement 
(kNEPCM / kPCM -

1) 

 (%) 

Ref. PCM /  

Tm (°C) 

kPCM  

(W/m 
K) 

Material Size 
Mass 

fraction 
(wt.%) 

5 0.54 168% 

xGnP - 

1 0.27 37% 

2 0.61 206% 
5 0.67 235% 

Na2SO4·10H2O-
Na2HPO4·12H2O   

(31.2°C) 

0.789 Al2O3 100nm 

1.5 - - 

[109] 3 1.0 26.8% 

4.6 1.28 61.3% 

Capric acid  
(32°C) 

0.15 CNTs 60-120nm 

1.0 0.18 22% 
[87] 1.5 0.20 32% 

3.0 0.24 49% 

Lauric acid and 
stearic acid 

(34.1°C) 
0.20* 

TiO2 

- 

1 0.27 30% 

[110] ZnO 1 0.29 37% 
CuO 1 0.32 46% 

Organic wax 
(Pluss OM35) 

(35-36°C) 
0.22* GNP - 

0.1 vol.% 0.25* 14% 

[111] 

0.2 vol.% 0.27* 23% 

0.3 vol.% 0.30* 36% 
0.4 vol.% 0.35* 59% 

0.5 vol.% 0.39* 77% 

n-docosane 
(41.6°C) 

0.22 EG 270 𝜇𝑚 

2 0.40 82% 

[64] 
4 0.52 136% 
7 0.68 209% 

10 0.82 273% 

Myristic acid and 
Stearic acid 

0.17 CNTs - 

9 0.21 21% 

[112] 12 0.26 40% 
15 0.28 49% 

Sodium 
thiosulfate 

pentahydrate 
(48°C) 

1.15 

MWCNT 50-80 nm 

1 2.82 145% 

[113] 

3 3.11 169% 
5 3.60 212% 
7 4.03 250% 

GNP 40 nm 

1 2.21 92% 
3 2.58 124% 

5 2.61 126% 
7 2.94 155% 

Paraffin 
(51.5°C) 

0.25 

Al - 

0.5 0.28 10% 

[70] 

1 0.28 12% 

1.5 0.30 18% 

Cu - 

0.5 0.32 26% 

1 0.32 28% 
1.5 0.33 30% 

Zn - 

0.5 0.34 35% 
1 0.33  30% 

1.5 0.35 38% 

Fe 
 

- 

0.5 0.42 66% 

1 0.42 68% 
1.5 0.53 112% 

Stearic acid 
(52.9°C) 

0.26 EG - 

2 0.75 188% 

[84] 
6 2.50 862% 

10 3.56 1,269% 

Paraffin 
(53°C) 

- MWCNTs 
Diameter: 

30nm 

Length: 50 𝜇𝑚 

0.2 0.39 * - 

[101] 
0.5 0.35 * - 
1 0.29 * - 

2 0.32 * - 

Paraffin 
(53°C) 

0.19 -Al2O3 2 nm 

0.5 0.20 2% 

[114] 1 0.24 25% 
2 0.26 34% 

Palmitic acid 
and Stearic acid 

(53.6°C) 
0.26 CNTs - 

5 0.32 18% 

[115] 
6 0.33 23% 

7 0.33 23% 
8 0.34 26% 

Paraffin 0.21 TiO2 20nm 0.5 0.21 * 0% [102] 
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Base PCM Nano additive 

kNEPCM 
(W/m K) 

Enhancement 
(kNEPCM / kPCM -

1) 

 (%) 

Ref. PCM /  

Tm (°C) 

kPCM  

(W/m 
K) 

Material Size 
Mass 

fraction 
(wt.%) 

(48-50°C) 0.7 0.21 * 0% 
1 0.22 * 5% 

3 0.23 * 10% 
5 0.23 * 10% 

7 0.25 * 19% 

Paraffin 
(53-57°C) 

0.16* 

Al2O3 20 nm 

2 0.41* 155% 

[116] 

4 0.85* 430% 
6 0.98* 506% 

8 0.99* 512% 

Fe2O3 20 nm 

2 0.53* 227% 

4 0.64* 298% 
6 0.95* 487% 

8 0.99* 516% 

SiO2 11 nm 

2 0.39* 143% 

4 0.60* 274% 
6 0.59* 263% 

8 0.81* 400% 

SiO2 20 nm 

2 0.19* 17% 

4 0.63* 293% 
6 0.72* 345% 

8 0.82* 408% 

ZnO >50 nm 

2 0.33* 106% 

4 0.66* 307% 
6 0.75* 366% 

8 0.83* 414% 

Palmitic acid 
and Stearic acid 

(54.0°C) 
0.26 GNPs 

Thickness: 4-

20nm 

Layers: <20 

Size: 5-10 𝜇𝑚 

1 0.34 30% 

[117] 
2 0.44 65% 
4 0.62 134% 

8 0.98 273% 

Myristic acid 
(54.4°C) 

0.22 

GNPs 

Thickness: 3-

10 nm 

Diameter: 5-10 

𝜇𝑚 

1 0.45 104% 

[118] 

2 0.50 127% 

3 0.60 176% 

MWCNTs 

Length: 10-30 

𝜇𝑚 

Diameter: <8 

nm 

Thickness: <40 

nm 

1 0.29 34% 
2 0.30 37% 

3 0.32 47% 

NG 
Diameter: 3-6 

𝜇𝑚 

1 0.25 15% 

2 0.28 26% 
3 0.32 44% 

Paraffin 
(56°C) 

0.25 

Herringbone 
GNF 

Diameter: 4nm 

to 10nm 

Lengths: 1 𝜇𝑚 

0.25 3.50 1,300% 

[119] 

5 17.20 6,780% 

Platelet 
GNF 

0.25 2.90 1,060% 
5 25.30 10,020% 

Ribbon 
GNF 

0.25 2.10 740% 
5 29.80 11,820% 

Sodium acetate 
trihydrate  
(57.6°C) 

- Cu 10-30nm 

0.6 0.5* - 

[120] 

0.7 0.51* - 

0.8 0.52* - 
0.9 0.53* - 

1.0 0.54* - 
1.1 0.55* - 

Sodium acetate 
trihydrate  
(58.53°C) 

0.634 Cu 10-30nm 

0.4 - - 

[121] 

0.5 0.750 18% 

0.6 - - 
0.7 - - 

0.8 - - 

Paraffin 
(58.2°C) 

0.25 CuO 40 nm 

2 0.26 4% 

[89] 5 0.27 6% 
10 0.28 12% 
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Base PCM Nano additive 

kNEPCM 
(W/m K) 

Enhancement 
(kNEPCM / kPCM -

1) 

 (%) 

Ref. PCM /  

Tm (°C) 

kPCM  

(W/m 
K) 

Material Size 
Mass 

fraction 
(wt.%) 

Paraffin (59°C)  0.14* TiO2  

0.5 0.15* 6% 

[122] 

0.7 0.16* 13% 

1 0.17* 19% 
2 0.18* 25% 

3 0.19* 30% 
4 0.20* 35% 

Paraffin 
(59°C) 

0.26 

S-MWCNTs 

Length: 0.52 

𝜇𝑚 

Diameter: 815 

nm 

5 0.32 23% 

[123] 

 

L-MWCNTs 
Length: 515 𝜇𝑚 

Diameter: 3050 

nm 

5 0.31 17% 

CNFs 

Length: 1030 

𝜇𝑚 

Diameter: 

150200 nm 

5 0.31 16% 

GNPs 

Diameter: 510 

𝜇𝑚 

Thickness: 420 

nm 

5 0.70 166% 

Paraffin 

(56-60°C) 
0.18 

CeO2 15 nm 

0.5 0.26 42% 
[124] 1 0.31 74% 

2 0.38 109% 

SiO2 15 nm 

0.5 0.20 13% 

[125] 1 0.22 23% 
2 0.24 33% 

SiO2 + 
CeO2 

(50 wt.%) 
15 nm 

0.5 0.23 28% 
[126, 

127] 
1 0.26 44% 

2 0.30 66% 

ZnO 20- 30 nm 

0.5 0.21 17% 

[128] 1 0.23 28% 
2 0.26 42% 

TiO2 20- 30 nm 

0.5 0.24 34% 

[129] 
1 0.30 66% 

1.5 0.33 84% 
2 0.36 102% 

CuO 30 nm 1 0.29 61% 
[130] 

Al2O3 30 nm 1 0.25 39%  

Paraffin 
(60°C) 

0.17 
SiC + CuO  

(50 wt.%) 
15 nm 1 0.23 31% [131] 

Paraffin 
(60°C) 

0.20 Al2O3 10-20 nm 

2.5 0.23 15% 

[74] 
5 0.24 20% 

7.5 0.25 24% 

10 0.26 31% 

Palmitic 
(60.2°C) 

0.17 CuO 26nm-69nm 

0.1 0.21 21% 

[75] 0.2 0.25 46% 
0.3 0.28 64% 

Paraffin 
(60.4°C) 

0.17 Cu 20nm 

0.5 0.20 16% 

[60] 
1 0.23 31% 

1.5 0.30 74% 
2 0.32 86% 

n-nonacosane 
(61.6°C) 

0.25 xGnP - 

1 0.37 48% 

[76] 
2 0.62 148% 

5 1.60 540% 
10 2.70 980% 

Paraffin  
(62°C) 

0.36* 
EG50 

Diameter: 

835𝜇𝑚 

Length: 1846 

𝜇𝑚 

1 0.59 66 % 

[132] 

3 0.90 153% 

5 1.42 300% 

EG80 
Diameter: 

525𝜇𝑚 

1 0.61 71% 

3 0.93 161% 



17 
 

Base PCM Nano additive 

kNEPCM 
(W/m K) 

Enhancement 
(kNEPCM / kPCM -

1) 

 (%) 

Ref. PCM /  

Tm (°C) 

kPCM  

(W/m 
K) 

Material Size 
Mass 

fraction 
(wt.%) 

Length: 2504 

𝜇𝑚 
5 1.49 320% 

EG100 

Diameter: 

432𝜇𝑚 

Length: 3050 

𝜇𝑚 

1 0.55 55% 
3 0.81 127% 

5 1.37 284% 

Beeswax 
(62.3°C) 

0.25 GNPs 

Width: Less 

than 2 𝜇𝑚; 

Thickness: 

Less than 2 nm 

0.05 1.25 * 400% 

[77] 

0.1 1.50 * 500% 
0.15 1.70 * 580% 

0.2 2.10 * 740% 
0.25 2.23 * 792% 

0.3 2.80* 1,020% 

Palmitic acid  
(64°C)  

0.15* CuO 60-120nm 

1.0 0.21 37% 

[87] 1.5 0.23 45% 
3.0 0.23 45% 

Paraffin 
(65°C) 

0.15 

S-MWCNTs 

Length: 0.5-2 

𝜇𝑚 

Diameter: 8-15 

nm 

1 0.15 0% 

[79] 

2 0.16 7% 

3 0.16 9% 
4 0.18 20% 

C-S-
MWCNTs 

Length: 0.5 – 2 

𝜇𝑚 

Diameter: 8-

15nm 

1 0.15 0% 
2 0.16 9% 

3 0.18 17% 
4 0.18 20% 

L-MWCNTs 

Length: 5-15 

𝜇𝑚 

Diameter: 

<10nm 

1 0.15 - 
2 0.15 0% 

3 0.15 0% 
4 0.16 8% 

CNFs 

Length: 10-30 

𝜇𝑚 

Diameter: 150-

200 nm 

1 0.15 2% 
2 0.16 8% 

3 0.17 13 % 
4 0.18 21 % 

GNPs 

Diameter: 5-10 

𝜇𝑚 

Thickness: 4-

20 nm 

1 0.19 27 % 
2 0.21 40 % 

3 0.23 53 % 
4 0.28 88 % 

Paraffin 
(67°C) 

0.24 CNFs 
Diameter: 100 

nm 

Length: 20 𝜇𝑚 

1 0.25 5 % 

[133] 
2 0.27 13 % 

3 0.30 24 % 

4 0.33 38 % 

* Approximate., - Not reported 

In the range of temperature of this review, 20 to 70°C, the main types of nano-additives 336 

investigated to enhance the thermal conductivity of the PCM are summarised in Fig. 6. Studies 337 

using metal-based particles have been performed at low concentrations (less than 2%). They 338 

show enhancement in line with the studies performed with the other types of nanoparticles. 339 

Metal oxides and carbon-based nano additives have been studied on a broader range of 340 

concentrations, and the dispersion of results is considerable, mainly for carbon-based nano 341 

additives, possibly due to the impact of shapes and size of these additives in the interaction 342 

with the PCMs.  343 
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 344 

Fig. 6: Thermal conductivity enhancement vs. nano additive concentration (wt.%) for the main types of nano additives 345 
used for low-temperature PCMs (Refer to Table 6) 346 

 347 

Fig. 7: Comparison of thermal conductivity enhancement of NEPCMs vs. nano additive concentration (wt.%) using 348 
carbon-based additive 349 

A graphical comparison of the effect of carbon-based additives (GNPs, CNFs, CNTs, 350 

MWCNTs, xGnP and graphite) mass fraction on enhancing thermal conductivity in NEPCMs 351 

is shown in Fig. 7. Most of the results present a near-linear response in the thermal 352 

conductivity enhancement with the mass fraction. The results obtained by Putra et al. [67] for 353 

paraffin RT22 with GNPs are significantly different from the others; the mass fractions reported 354 

are lower than 1 wt.% and the thermal conductivity was increased by almost 10 times, as it is 355 

shown in Fig. 8 (RT22’s thermal conductivity is 0.15 W/mK). Amin et al. [77] reported similar 356 

results for beeswax with GNPs mass concentrations lower than 1 wt.%, where the thermal 357 

conductivity of the composites with 0.3 wt.% GNPs was 11 times higher than the beeswax 358 

(0.25 W/mK). Both studies have prepared their samples using stirring and sonication 359 

processes. 360 
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 361 
Fig. 8: The effect of adding nanographene to the increase of thermal conductivity on RT22 HC/graphene at 28C [67]  362 

Even though the same process was used in the study reported by Shi et al. [76], to prepare n-363 

nonacosane with xGnP, compared with the two studies described previously, there is a 364 

discrepancy between the results. Considering that the NEPCMs samples prepared by Shi et 365 

al. [76] had significantly higher nanomaterial concentration, the thermal conductivity 366 

enhancement was significantly lower than the previous studies. Warzoha and Fleischer [134] 367 

observed that the enhancement of thermal conductivity of paraffin adding graphene 368 

nanoparticles increases with the diameter and thickness. The authors pointed out that this 369 

could justify the discrepancies and variability found in the published literature for graphene 370 

nanoparticles. The two main differences reported by Amin et al. [77] and Shi et al. [76] is that 371 

the ultrasonic processor was used for a longer time for the preparation of the Beeswax/GNPs 372 

nanocomposites to ensure that the dispersion of the GNPs was even and that it would not 373 

have any particles agglomeration. The n-nonacosane/xGnP samples prepared had the 374 

nanoparticles randomly oriented [76]. This aspect might have affected the enhancement of 375 

the thermal conductivity of the samples.  376 

It can be concluded that the results obtained from Amin et al. [77] research is an outlier due 377 

to the considerable thermal conductivity enhancement at very low mass fractions when 378 

compared to the majority of the studies found in the literature. Furthermore, as in traditional 379 

PCM property research, more work needs to be done regarding the confirmation and 380 

repeatability of the measured thermal conductivities for the various combinations of PCM, 381 

nanoparticle and preparation methods; ideally by various research groups to ensure that the 382 

required level of confidence is obtained in the declared property enhancement values.    383 

Weinstein et al. [119] experimentally investigated the thermal performance of paraffin with the 384 

addition of graphite nanofibers (GNFs). Three different types of the orientation of GNFs, 385 

herringbone, platelet, and ribbon with a metallic catalyst in the middle of each fibre, were used 386 

to improve the thermal properties of paraffin with thermal conductivity and melting temperature 387 

of 0.25 W/mK and 56°C, respectively. A cubic PCM module was manufactured to investigate 388 

the effects of the GNFs performance of the thermal properties of the material in a controlled 389 

environment minimizing heat losses. The thermal conductivity enhancement of the three 390 

different types of NEPCMs with mass fractions of 0.25 and 5 wt.% is shown in Fig. 9. The 391 

results in Fig. 9 are not conclusive in terms of the GNFs orientation; the ribbon orientation led 392 

to the highest thermal conductivity increase for a loading of 5 wt.%, but the smallest increase 393 

at a loading of 0.25 wt.%. The opposite is also true for the herringbone orientation. It is 394 
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essential to consider that the thermal conductivity measurement technique used in this work 395 

was not a standard procedure (as defined in Section 2.2), and the uncertainties were not 396 

reported. Further investigations are required to evaluate the impact of the shape of the 397 

particles on the enhancement of thermal conductivity. Recently, some studies indicated that 398 

synthesized polymer-based (polyaniline, PANI) composite doped with metal-oxides or metals 399 

[61, 135-137] could be used to enhance the thermophysical properties of PCM. This point is 400 

another crucial general comment regarding the property measurements revised in this paper: 401 

too many published experimental measurement and characterization work do not discuss, 402 

provide or incorporate uncertainties in their results. This leads to the overconfidence of 403 

researchers in the field of PCM research in the absolute accuracy of PCM properties. An effort 404 

must be made to follow clear uncertainty measurement, assessment and reporting to 405 

accompany any property discussion and presentation in research papers.  406 

 
Fig. 9: Thermal conductivity of three different types of graphite nanofibers 

A graphical comparison of the thermal conductivity of NEPCMs using different metal oxide-407 

based nano additives is presented in Fig. 10. The figure presents results using titanium oxide 408 

(TiO2), aluminium oxide (Al2O3), silicon dioxide (SiO2), zinc oxide (ZnO), ferric oxide (Fe2O3) 409 

and copper oxide (CuO). It is noticeable that the highest thermal conductivity enhancement 410 

was from the paraffin/Al2O3 and paraffin/Fe2O3, both prepared by Babapoor and Karimi [116]. 411 

The thermal conductivity reported for both nanocomposites with 8 wt.% is similar, regardless 412 

that the thermal conductivity of Fe2O3 is slightly lower than the Al2O3, 0.985 and 0.991 W/m K, 413 

respectively. The figure shows an evident discrepancy in results between studies that have 414 

used the same materials. For instance, the difference between the results from Babapoor and 415 

Karimi [116], where the paraffin (melting temperature of 53-57˚C) with 8 wt.% of Al2O3 had an 416 

enhancement of 512% and Nourani et al. [74] with paraffin (melting temperature of 60˚C) with 417 

10 wt.% of Al2O3 had an enhancement of only 31%. This shows that although different authors 418 

have been using the same base materials with similar properties, the results reported can still 419 

be vastly different. Different research groups should conduct more investigations using similar 420 

materials and following the same methodology to ensure consistency in the results obtained 421 

or explain the possible significant differences found.   422 
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 423 

Fig. 10: Comparison of thermal conductivity enhancement of NEPCM vs nano additives concentration (wt.%) using 424 
metal oxide-based additives 425 

 426 

Fig. 11: Comparison of thermal conductivity enhancement of NEPCMs vs nano additive concentration (wt.%) using 427 
metal-based additive 428 

A graphical comparison of the variation of the thermal conductivity of different metal-based 429 

NEPCMs is shown in Fig. 11. There are fewer studies conducted with metal-based NEPCM 430 

for the range of the temperature of this review as compared to metal-oxide and carbon-based 431 

nanoparticles. The figure presents results using aluminium (Al), copper (Cu), zinc (Zn) and 432 

iron (Fe) with paraffin as base material, with melting temperatures of 51 and 64°C. Owolabi et 433 

al. [70] investigated the thermal conductivity enhancement of paraffin wax (melting 434 

temperature 51.5°C) with Al, Cu, Zn, and Fe theoretically and experimentally. It was observed 435 

that the highest enhancement in thermal conductivity was from the Paraffin/ Fe, 112% with 436 

1.5 wt.% Fe nanoparticles. The nanocomposites samples were prepared equally, and no 437 

surfactant was added into the mixture. It is also important to highlight the results for the 438 

nanocomposites prepared with nano-Cu from two different studies using paraffin, showing 439 

slightly different behaviour. The paraffin wax (melting temperature 64 °C)/Cu prepared by Lin 440 

and Kayiem [60] showed a higher increase in thermal conductivity with 1.5 wt.% Cu than the 441 

paraffin/Cu sample prepared by Owolabi et al. [70], 73.8% and 20.5%, respectively. Bearing 442 

in mind that the paraffin’s thermal conductivity of the latter is higher, 0.172 and 0.252 W/ mK, 443 

respectively. As stated previously, preparing the nanocomposites samples is an important 444 
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aspect, as it might interfere with the heat transfer enhancement. However, samples from the 445 

two studies were prepared using a similar synthesizing procedure, ultrasonication, with 446 

marginally different steps.  447 

Wang et al. [102] measured the thermal conductivity of a Paraffin (48-50˚C)/TiO2 NEPCM at 448 

a different temperatures, varying the mass fraction of the nanoparticles, as can be shown in 449 

Fig. 12. It was observed that the thermal conductivity decreases when the temperature 450 

increases to 60˚C, due to the randomness movement of the particles, as the samples are 451 

liquid at that temperature and increases when the TiO2 mass fraction increases. They 452 

estimated the theoretical thermal conductivity of the NEPCM using Eq. (1), the equation is 453 

commonly used in porous media and nanofluids. 454 

𝑘𝑁𝐸𝑃𝐶𝑀 = 𝛷𝑣 × 𝑘𝑝 + (1 − 𝛷𝑣) × 𝑘𝑓    (1) 455 

where 𝛷𝑣 is the volume fraction of nanoparticles, 𝑘𝑝 is the thermal conductivity of the 456 

nanoparticles, 𝑘f of the PCM and 𝑘NEPCM of the NEPCM. The relation between volume fraction 457 

and mass fraction 𝛷𝑤 is given in Eq. (2) 458 

𝛷𝑣 =  𝛷𝑤 × (
𝜌𝑁𝐸𝑃𝐶𝑀

𝜌𝑝
⁄ )    (2) 459 

where 𝜌NEPCM is the density of the NEPCM and 𝜌𝑝 is the density of the nanoparticles. The 460 

theoretical estimations were higher than the measured thermal conductivity for the higher 461 

concentration of nanoparticles, as shown in Fig. 12a. From the work of Wang et al. [102], it 462 

can be concluded that the relationship presented by Eq. (1) can predict the thermal 463 

conductivity with reasonable accuracy at lower concentration values (below 2-3 wt.%); at 464 

higher concentration values, Eq. (1) over predicts the NEPCM’s thermal conductivity. Higher 465 

concentrations of nanoparticles are easily aggregated due to the attractive and repulsive 466 

forces between particles, and aggregation increases the thermal resistance, affecting the 467 

thermal conductivity enhancement of the NEPCMs. 468 

 

a) 

 

b) 

Fig. 12: Composite paraffin with TiO2 of a) Thermal conductivity vs TiO2 mass fraction and b) Thermal conductivity 469 
enhancement (%) [102] 470 

Salt hydrates are widely used for LHTES, however, the limitation of these materials is highly 471 

related to their high subcooling degree. For the range of temperature investigated in this study 472 

(20-70°C), there is still a lack of relevant data investigating the enhancement of thermal 473 

conductivity by including high conductive particles. However, in the last few years, there has 474 

an increase interest in this area; although many of these studies have focused mainly on the 475 

effects of supercooling degree [121, 138-141].   476 
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A NEPCM based on sodium acetate trihydrate with nano-Cu (loadings of 0.6, 0.7, 0.8, 0.9 and 477 

1 wt%) was synthesized by Zhang et al. [120], the effects on the thermal conductivity as well 478 

as the supercooling degree were reported by the authors. From the thermal conductivity 479 

measurements at 50°C when the samples are still solidified, there is no significant increase 480 

obtained from incorporating the nano-Cu. Cui et al. [121] also prepared a NEPCM based on 481 

sodium acetate trihydrate with nano-Cu; however, when compared to the latter study [120], 482 

the increase in the thermal conductivity was much 40% higher at 0.5% concentration; it was 483 

also reported at this study that nano-Cu is significantly advantageous in reducing the degree 484 

of supercooling.  485 

 A novel eutectic PCM made of sodium sulfate decahydrate and disosium hydrogen phosphate 486 

(Na2SO4·10H2O-Na2HPO4·12H2O ) with a melting temperature of 31.2°C  was prepared by Liu 487 

and Yang [109] with different concentrations of nano-α-Al2O3; from the results obtained it can 488 

be concluded that the nano-α-Al2O3  was a very effective nucleating agent and excellent 489 

thermal conductive filler. Huang et al. [138] investigated the crystallization speed and 490 

solidification time of sodium acetate trihydrate-graphite composite PCMs.Besides the low 491 

thermal conductivity, the main drawback of this material is the supercooling, which limits its 492 

application. The thermal conductivity of the samples and other thermal properties such as the 493 

latent heat capacity were not included in this study.  494 

3.2. Latent heat capacity  495 

As mentioned earlier, in NEPCM, conductive nanoparticles are primarily used to increase the 496 

inherently low thermal conductivity of PCM. However, PCMs are mainly used in LHTES for 497 

their large storage density stemming from their latent heat, which indicates the amount of 498 

energy that the material can store during its phase change. Not many studies have 499 

investigated the latent heat behaviour of NEPCMs or analysed the effects that the dispersion 500 

of nanoparticles have on this property compared to the thermal conductivity. Fundamentally, 501 

adding nanoparticles to a PCM reduces the actual amount of PCM per unit mass (or volume) 502 

of the resulting NEPCM; therefore, physically, the addition of nanoparticles will reduce the 503 

latent heat of the NEPCM compared to the base PCM. This is observed in most of the studies 504 

presented in Table 7. Additional processes stemming from the addition of nanoparticles could 505 

come and complicate the above statement  [102, 142]: 1) The modification in the interaction 506 

between the molecules of the PCM; 2) Heavy nanoparticles loading could degrade the latent 507 

heat. Table 7 presents the resulting latent heat capacity and melting temperature of NEPCMs 508 

obtained through different nanoparticles as a function of the mass fraction.  509 

Table 7. The effect of the dispersion of nanoparticles on latent heat 510 

PCM / Tm 
(C) 

Latent 
heat 

(kJ/kg) 
Material 

Mass 
fraction 
(wt.%) 

NEPCMS 
Latent Heat 

(kJ/kg) 

Latent heat 
difference 

(%) 

NEPCMS 
Melting 

Temp. (C) 

Ref. 
  

Hexadecane 
(18.65C) 

232.4 

xGnP 

3 217.3 - 6.5%  18.2 

[80] 
 

Octadecane 
(28.91C) 

242.0 3 240.9 - 0.4%  29.9 

Paraffin 
(54.38C) 

142.7 3 142.7 0 55.9 

Paraffin RT 
20 

(20C) 
171.8 

Al2O3 1 130.5 - 24.3% - 

[143] 
 

Carbon 
Black 

1 121.8 - 29.1% - 

Paraffin RT 
25 

(25C) 
133.5 

Al2O3 1 134.2 + 0.5%  - 

Carbon 
Black 

1 117.9 - 33.3%  - 

1-dodeconal 
(22C) 

231.4 MWCNTs 
1 220.8  - 4.6%  - 

[81] 
2 212.4 - 8.2%  - 

163.3 GNPs 0.05 161.4  - 1.2%  24.7 [67] 
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PCM / Tm 
(C) 

Latent 
heat 

(kJ/kg) 
Material 

Mass 
fraction 
(wt.%) 

NEPCMS 
Latent Heat 

(kJ/kg) 

Latent heat 
difference 

(%) 

NEPCMS 
Melting 

Temp. (C) 

Ref. 
  

Paraffin 
RT22 
(22C) 

0.1 160.9 - 1.5% 24.5 

0.15 155.5  - 4.8%  25.3 
0.2 155.4 - 4.8%  24.2 

0.25 155.2  - 4.9%  25.2 
0.3 155.9 - 4.5%  24.8 

Methyl 
Palmitate-
Lauric acid 
(24.06C) 

177.9 NGPs 

1 174.1  - 2.1%  24.1 

[91] 
3 171.5 - 3.6%  24.1 

5 170.1 - 4.4%  24.2 
10 165.6 - 6.9%  24.2 

Paraffin 
ZDJN-28 
(27.6°C) 

188.0 

NG 
0.02 173.0 - 8.0% 27.6 

[104] 

0.06 170.3 - 9.4% 27.3 

0.10 151.0 - 19.7% 27.7 

Nano 
CSC 

0.02 188.0 0% 27.8 

0.06 177.5 -5.6% 27.6 
0.10 172.6 -8.2% 27.8 

Paraffin RT 
28HC 
(28°C) 

220.0 

EG 1 
15 196.0  - 10.9% - 

[106] 

20 183.0 - 16.8% - 

25 175.0 - 20.5% - 

EG 2 

15 196.0 - 10.9% - 

20 189.0 - 14.1% - 
25 178.0 - 19.1% - 

EG 3 
15 195.0 - 11.4% - 
20 186.0 - 15.5% - 

25 178.0 - 19.1% - 
Lauric acid 
and Stearic 

acid 
(34.09C) 

177.0 

TiO2 1 173.2 - 2.1%  34.3 

[110] 
ZnO 1 173.6 - 1.9%  34.4 

CuO 1 173.9 - 1.8%  34.5 

Organic wax 
(Pluss 
OM35) 

(35-36°C) 

145.3 GNPs 

0.1 vol.% 141.6 -2.6% - 

[111] 

0.2 vol.% 142.8 -1.7% - 

0.3 vol.% 143.0 -1.6% - 
0.4 vol.% 142.0 -2.3% - 

0.5 vol.% 142.0 -2.3% - 

Lauric acid 
(45.4C) 

151.6 

CBNP 

1 150.1 - 0.9%  45.8 

[144] 

2 148.6 - 1.9%  45.5 
3 147.1 - 3.0%  45.2 

4 145.5 - 4.1%  45.3 

MWCNTs 

1 150.1 - 0.9%  44.9 

2 148.6 - 1.9%  45.4 
3 147.1 - 3.0%  45.4 

3.5 146.3 - 3.6%  45.2 

Paraffin 
(48-50C) 

168.0 * TiO2 

0.5 177 * + 5.4%  - 

[102] 

0.7 181 * + 7.7% - 
1 177 * + 5.4%  - 

3 162 * - 3.5%  - 
5 158 * - 5.9% - 

7 152 * - 9.5% - 

Paraffin 
(53C) 

165.3 MWCNTs 

0.2 165.4 - 0.1%  52.9 

[101] 
0.5 165.1 - 0.1%  52.7 
1 164.9 - 0.2%  52.5 

2 163.8 - 0.9%  52 

Palmitic acid 
and Stearic 

acid 
(53.95C) 

177.7 GNPs 

1 166.5 - 6.3%  53.7 

[117] 
2 159.5 - 10.2%  53.6 
4 153.0 - 13.9%  53.2 

8 140.5 - 20.9%  53.2 

Paraffin 
(53-57C) 

184.5 

Al2O3 

2 182* - 3.5%  - 

[116] 

4 180* - 1.3%  - 
6 170* - 2.4%  - 

8 148* - 7.9%  - 

Fe2O3 

2 115.4* - 37.4%  - 

4 103.9* - 43.7%  - 
6 90.77* - 50.7%  - 

8 63.8*  -  65.4%  - 
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PCM / Tm 
(C) 

Latent 
heat 

(kJ/kg) 
Material 

Mass 
fraction 
(wt.%) 

NEPCMS 
Latent Heat 

(kJ/kg) 

Latent heat 
difference 

(%) 

NEPCMS 
Melting 

Temp. (C) 

Ref. 
  

SiO2 

2 183.8* - 0.4%  - 

4 167.7* -  9.1%  - 
6 153* - 17.1%  - 

8 150* - 18.7%  - 

SiO2 

2 199* - 7.9%  - 

4 180* - 2.4%  - 
6 151* - 18.1%  - 

8 129* - 30.1%  - 

ZnO 

2 163* - 11.6%  - 

4 160* - 13.3%  - 
6 152* - 17.1%  - 

8 126.2* - 31.6%  - 

Paraffin 
(54.0C) 

 
199.4 

Al2O3 

1 197.9 - 0.8%  53.5 

[73] 

2 194.6 - 2.4%  53.6 
3 184.2 - 7.6%  53.7 

TiO2 
1 200.6 + 0.6%  53.2 
2 200.1 + 0.4%  53.3 

3 198.7 - 0.4%  53.5 

SiO2 

1 185.6 - 6.9%  55.5 

2 180.4 - 9.5%  56.6 
3 175.0 - 12.2%  55.5 

ZnO 
1 187.4 - 6.01  55.7 
2 184.7 - 7.4%  55.0 

3 171.9 - 13.7%  55.0 

Myristic acid 
(54.4C) 

194.9 

GNPs 

1 189.2 - 2.9%  54.3 

[118] 

2 187.4 - 3.9%  54.3 
3 187.2 - 3.9%  54.3 

MWCNTs 
1 191.9 - 1.5%  54.6 
2 190.1 - 2.5%  54.4 

3 188.5 - 3.3%  54.4 

NG 

1 191.3 - 1.9%  54.5 

2 190.7 - 2.2%  54.6 
3 188.9 - 3.1%  54.6 

SAT 
(57.6°C) 

264.52 Cu 
0 

- - - 
[120] 

SAT-CN 
 

257.05 -2.8% 55.28 
- 231.2 -13.4% 61.18 

Paraffin 
(59C) 

137.0* TiO2 

0.5 139* +1.4% 58.7 

[122] 

0.7 149* +8.4% 57.7 

1 164* +18.0% 57.47 
2 163.0 +17.3% 56.8 

3 134* -2.2% 59.1 
4 130* -5.2% 61.18 

Paraffin 
(59.8C) 

153.6 

PANI 

0.1 160.0 + 4.2%  56.6 

[61] 

0.5 164.1 + 6.8%  59 

1 162.2 + 5.7%  55.6 
5 164.4 + 7.0%  58.1 

CuO 

0.1 165.6 + 7.8%  59.9 
0.5 157.3 - 2.4%  57.1 

1 156.8 + 2.1%  56.9 
5 153.1 + 0.4%  55.2 

Palmitic 
(59.8C) 

141.2 CuO 
0.1 146.7 + 3.9%  60.3 

[75] 0.2 147.6 + 4.5%  60.4 

0.3 148.8 + 5.4%  60.5 

Paraffin 

(56-60°C) 
140.2 

CeO2 

0.5 137.8 - 1.7% 63.4 

[124] 1 135.7 - 3.2% 62.7 
2 108.6 - 22.5% 63.0 

SiO2 
0.5 137.2 -2.1% 63.1 

[125] 1 135.0 - 3.7% 62.7 

2 106.3 - 24% 62.1 

SiO2 + 
CeO2 

(50 wt.%) 

0.5 136.1 - 2.9% 63.3 

 1 133.7 - 4.6% 62.8 
2 111.2 - 20.7% 63.1 
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PCM / Tm 
(C) 

Latent 
heat 

(kJ/kg) 
Material 

Mass 
fraction 
(wt.%) 

NEPCMS 
Latent Heat 

(kJ/kg) 

Latent heat 
difference 

(%) 

NEPCMS 
Melting 

Temp. (C) 

Ref. 
  

Al2O3 1 137.0 - 2.3% 62.6 
[130] 

CuO 1 134.0 - 3.7% 62.2 

Paraffin 
(60.5C) 

166.7 
SiC + 
CuO 

(50 wt.%) 
1 160.3 - 3.8% 59.6 [131] 

Paraffin 
(60.4C) 

184.2 Cu 

0.5 172.2 + 6.5%  59.5 

[60] 
1 166.7 - 9.5%  58.9 

1.5 160.3 - 12.9%  58.1 
2 157.3 - 14.6%  57.8 

Stearic acid 
(64C) 

134.0* TiO2 

0.09 133* -0.7% 64.5* 

[3] 
0.26 131.5* -1.9% 63* 

0.33 130.5* -2.6% 63.2* 
0.35 130.2* -2.9% 64.2* 

Stearic acid 
(68.8C) 

198.8 EG/CF 10 183.1 - 7.5%  - [145] 

* Approximate., - Not reported 

As it has been emphasized previously, although the improvement in the thermal conductivity 511 

is of extreme importance for the PCM to achieve its full storage capacity, the potential of 512 

negative or positive consequences on the latent heat of the material should not be 513 

disregarded. Table 7 shows a decrease in latent heat with nanoparticle loading predominantly, 514 

from a fraction of a per cent reduction, up to 65%. A few studies have measured an increase 515 

in latent heat, up to approximately 7%, with TiO2 and CuO nanoparticles. 516 

However, as mentioned already, it is essential to consider that the uncertainties of the 517 

measurements are often not reported, and typically, DSC measurements have a level of 518 

uncertainty between 0.1 to 5% [146]. Thus, a lot of the results obtained fall within this 519 

uncertainty. Furthermore, the point made about the need for reproduction of results by more 520 

than one research team, in more than one study, can again be made in light of some of the 521 

very surprising results presented by the community, mainly increases in the latent heat of the 522 

NEPCM compare to the base PCM.  523 

 524 

Fig. 13: Comparison between the thermal conductivity and latent heat of paraffin/Al2O3 525 

Graphical comparisons of the effect on the thermal conductivity and latent heat capacity of 526 

paraffin/Al2O3 is presented in Fig. 13, and paraffin/Fe2O3 in Fig. 14 are provided to illustrate 527 

the influence of the increase in the nano additives concentration. Although both results present 528 

a similar performance for enhancing the thermal conductivity, the effect on the latent heat 529 

capacity during the solidification process differed. By analysing the graphs, it is noticeable that 530 
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the addition of the Al2O3 nano additives concentration has a slow degradation on the latent 531 

heat capacity of the resulting NEPCM, mainly because the mass fraction of the PCM is 532 

decreased. However, the addition of Fe2O3 nano additives decreases the latent heat 533 

significantly due to its magnetic properties. For instance, with 8 wt.% of Fe2O3, the latent heat 534 

has decreased by 65.41%, whilst with the same concentration of Al2O3 it decreased by 7.85% 535 

[116].  536 

Yuan et al. [117] investigated the effects of adding different mass concentrations of GNPs on 537 

the thermal performance of eutectic palmitic-stearic acid. The graphical comparison between 538 

the thermal conductivity and latent heat of the NEPCM is shown in Fig. 15. As illustrated, the 539 

increase in thermal conductivity is directly proportional to the increase of the nano additives 540 

concentration. This analysis has also revealed a decrease in the latent heat with 8 wt.% GNPs 541 

of 20.9%.  542 

 543 

Fig. 14: Comparison between the thermal conductivity and latent heat of paraffin/ Fe2O3 544 

 545 

Fig. 15: Comparison between the thermal conductivity and latent heat of Palmitic acid and Stearic acid/GNP 546 

3.3. Melting temperature 547 

The influence of nano additives on the PCM melting temperature is another critical parameter 548 

to be investigated. Table 7 also includes the change in the melting temperature due to nano 549 
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additives. The reported results are not conclusive; because the dispersion of nanoparticles 550 

has slightly changed the melting temperature of the nanocomposites. In some studies, the 551 

melting temperature has increased, and in many others has decreased. However, the change 552 

in melting temperature is relatively small (up to 3°C) for all the cases presented in Table 7, 553 

noting that the uncertainty in the determination of the transition temperature of a PCM is 554 

typically 0.5 to 1°C, in line with the accuracy of the thermocouple used in a given DSC or 555 

experimental setup. Further investigations are required to understand the effect of nano 556 

additives on the phase change temperature.   557 

3.4. Specific heat 558 

The LHTES storage capacity depends on both the latent heat and specific heat capacity [147]. 559 

This way, the PCM should have a high specific capacity and latent heat value [11]. Very few 560 

studies have considered the effect of the nano additive on the specific heat capacity of the 561 

material. Table 8 provides the effect of the dispersion of nano additives on the specific heat, 562 

and as it can be seen, some of the studies showed an increase in the NEPCM specific heat, 563 

some showing a decrease. The resulting specific heat appears to be primarily related to the 564 

specific heat of the nanoparticles; nanoparticles with a specific heat smaller than the PCM 565 

result in a NEPCM with reduced specific heat and vice versa. 566 

Table 8. The effect of the dispersion of nano additives on the specific heat  567 

Base PCM Nano additives 
Specific 

heat 
(J/kg K) 

 
Specific 

heat 
difference  

(%) 

Ref. PCM/ Tm 
(C) 

Specific 
heat 

(J/kg K) 
Material 

Mass 
fraction 

(%) 

Specific  
heat  

(J/kg K) 

Paraffin 
(22 C) 

2100 GNPs 

0.05 

- 

1944 -7.7% 

[67] 

0.1 1860 -12.1% 
0.15 1692 -21.5% 

0.2 1548 -30.3% 
0.25 1512 -32.6% 

0.3 1332 -44.8% 
Methyl 

Palmitate 
and Lauric 

acid 
(24.06 C) 

1513 NGPs 

1 

- 

2051 +30.2% 

[91] 
3 2126 +33.7% 
5 2135 +34.1% 

10 2301 +41.3% 

Paraffin 
(29-36 C) 

2000 GNPs 

1 

1275 

1993* -0.4% 

[108] 
5 1963* -1.9% 

10 1928 -3.7% 

20 1854* -7.6% 

Beeswax 
(62.28 C) 

508 GNPs 

0.05 

- 

527 +3.7% 

[77] 

0.1 530 +4.2% 
0.15 534 +5.0% 

0.2 535 +5.2% 
0.25 536 +5.4% 

0.3 561 +9.9% 

Paraffin PW 
70 

(70 C) 
2100 

Mxene 
(Ti3C2) 

0.1 

- 

2200 +4.7% 

[62] 0.2 2200 +4.7% 
0.3 2800 +28.6% 

3.5. Viscosity 568 

Viscosity is a parameter that describes the resistive force of a fluid to flow, and it is an 569 

important property to investigate as it influences natural convection in the PCMs [20]. Natural 570 

convection plays a significant role in the melting of PCM [148]. In numerical modelling of 571 

NEPCMs, the viscosity is often predicted using Brinkman’s correlation for suspensions [149]. 572 

The addition of nanoparticles into a PCM is expected to increase the viscosity of the material, 573 

and high viscosity can incapacitate the ultrasonication process to de-agglomerate the 574 
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nanoparticles [54]. Only a few studies have measured the resulting viscosity of the NEPCMs; 575 

some will be discussed in this section.  576 

Bahiraei et al. [142] measured the viscosity of a nanocomposite based on a paraffin wax with 577 

a melting temperature of 60°C and carbon-based nanoparticles (CNF, GNP and graphite 578 

nanopowder). The increase in nanoparticles concentration increased the viscosity as 579 

expected. As the temperature on the samples were increased from 60 to 90°C, the viscosity 580 

slightly decreased due to an increase in kinetic energy of the particles (Fig. 16). Motahar et al. 581 

[150] studied the viscosity of n-octadecane containing mesoporous silica (MPSiO2). The 582 

results showed that with a lower nanoparticle mass fraction, the behaviour of the samples was 583 

Newtonian at all temperatures; however, with mass fractions greater than 3%, the behaviour 584 

was non-Newtonian. Sun et al.[104] measured the viscosity of paraffin enhanced with 585 

nanoparticles of graphite (NG-PCM) and coconut shell charcoal (NC-PCM), as can be 586 

observed in Fig. 17. Low viscosity is fundamental to avoid viscous forces prevalences over 587 

natural convection; this means a compromise with improved thermal conductivity [104, 151]. 588 

Daneshazarian et al. [151] investigated the heat transfer performance of NEPCM octadecane-589 

xGnP up to 2 wt.%, finding 0.5 wt.%. as the optimal concentration of nanoparticles. Adding 590 

more nanoparticles could increase the thermal conductivity and the dynamic viscosity, 591 

reducing the global impact of the conductivity enhancement. The authors concluded that due 592 

to the complex behaviour and multi variables in the heat transfer processes with NEPCM, 593 

thermal conductivity could not be used as a leading independent criterion [151]. 594 
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 595 

Fig. 16: Viscosity of NEPCM (paraffin as the base PCM) as a function of nanoparticles mass fraction and temperatures 596 
with (a) CNF, (b) GNP and (c) graphite nanofibers [142] 597 

Phase change material slurries (PCS) are currently being investigated due to their potential 598 

applicability to thermal systems as they can serve as both heat transfer fluids and energy 599 

storage media [152]. An experimental study on the characteristic of a nano-enhanced alkyl 600 

hydrocarbon PCS with a melting temperature of 35˚C was conducted by Chen et al. [153] to 601 

evaluate its potential for a low-temperature solar energy collection in terms of stability and 602 

economic efficiency. Samples were prepared with three types of nanoparticles (Cu, Al2O3, and 603 

TiO2), and the effects of different dispersants (sodium dodecyl benzene sulfonate (SDBS) and 604 

arab gum (GA)) have on the nano-enhanced PCS were investigated. The results showed a 605 

slight decrease in the dynamic viscosity as the SDBS mass fractions were increased from 0 606 

to 0.10 wt.%, and afterwards, as the mass fraction of the SDBS is increased from 0.10 to 0.30 607 
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wt.%, there was a significant increase of approximately 37% in the dynamic viscosity. The 608 

results demonstrated that the addition of surfactant into the mixture has a considerable impact 609 

on viscosity.  610 

 611 

Fig. 17: Viscosity of NEPCM (paraffin as the base PCM) as a function of nanoparticles mass fraction and temperatures 612 
with nano graphite and nano coconut shell charcoal [104] 613 

3.6. Density 614 

The NEPCM density has a direct influence on the volume of the LHTES. This is often a 615 

parameter not discussed as compared with properties stated previously. Abdelrazik et al. [108] 616 

evaluated the density of the NEPCMs based on paraffin and GNPs, where their base density 617 

is 800 and 2400 kg/ m3, respectively. The GNPs concentrations were varied from 1, 5, 10 and 618 

20 wt.% and the results obtained demonstrated that the NEPCM density increased from 800 619 

to 923 kg/m3. Owolabi et al. [70] measured the effects of adding four different metal-based 620 

nanoparticles (Al, Zn, Fe and Cu) with mass concentrations of 0.5, 1 and 1.5 wt.% on the 621 

nanocomposites density. All nanocomposites demonstrated the same behaviour; with 1 wt.%, 622 

the density increased and with 1.5 wt.%, there was a slight decrease in the density comparing 623 

with 1 wt.% (Fig. 18). However, there might be a level of uncertainty on the measurements of 624 

the properties obtained.    625 
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 626 

Fig. 18: Difference in the density of NEPCM with different mass fractions [70] 627 

3.7. Morphology characterization  628 

The morphology characterization of NEPCM is crucial for obtaining the required properties, as 629 

it provides information on crystalline characteristics of the material as well as how the 630 

microstructure may be affected by thermal cycling [154]; it also allows the researcher to 631 

analyse if the composite sample has any agglomeration as well the chemical compatibility 632 

between the materials. Different characterization techniques can be used for this purpose, 633 

such as SEM, TEM, FTIR and XRD.  634 

A low-cost fly ash shape-stabilized PCM (SSPCM) was proposed by Gu et al. [155]; the 635 

SSPCM was prepared by modifying the raw fly ash (RFA) into acid-modified fly ash (AMFA), 636 

which acted as the supporting materials and CNTs as the high conductive nanoparticles. The 637 

lauric acid/AMFA/CNT was prepared through a low-cost impregnation method. The SEM 638 

images obtained show that the RFA (Fig. 19a) has a smooth surface and after it being modified 639 

to AMFA, the surfaces became rough, creating micropores at the surface (Fig. 19b); increasing 640 

the lauric acid loading in porous material significantly through these changes.  641 

 642 

Fig. 19 SEM images of (a) RFA (b) AMFA, (c) CNTs and (d-f) the LA/AMFA/ CNTs SSPCM [155] 643 
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Fan et al. [123] evaluated the thermophysical properties of the paraffin with diverse carbon 644 

nanofillers, examining the influence of size and shape of short and long MWCNTs, CNFs, and 645 

graphene nanoplatelets. They obtained higher thermal conductivity with short MWCNTs (see 646 

Table 6), and the possible reason could be its better dispersion in the PCM, as shown in Fig. 647 

20a. 648 

 649 
Fig. 20: Sizes and distributions of (a) S-MWCNTs, (b) L-MWCNTs, (c) CNFs, and (d) GNPs after being dispersed in the 650 

paraffin wax as observed by TEM images [123] 651 

Zhang et al. [156] prepared a novel nano-encapsulated PCM (n-octodecane/ 652 

pentufluostyrene) using the suspension polymerization method. The crystalline structure was 653 

observed through FTIR and XRD analysis. Fig. 21a shows the FTIR spectra of the pure n-654 

octodecane and NEPCMs, the frequency peaks between 3450 cm-1 and 2848 cm-1 revealed a 655 

symmetrical vibration of the alkyl C-H; the peak at 718 cm-1 on each of the NEPCMs is caused 656 

by the -CH2 functional group. Fig. 21b shows the XRD patterns of n-octodecane and NEPCMs; 657 

the diffraction peaks in the XRD curves verified that the pentufluostyrene encapsulated the 658 

PCM successfully.  659 

 660 

Fig. 21 (a) FTIR spectra, n-octadecane and NEPCMs; (b) XRD patterns of n-octadecane and NEPCMs [156] 661 

4. Stability of NEPCM  662 

The performance of a LHTES also depends on the stability and reliability of the PCMs. The 663 

stability of the NEPCM is measured by analysing the thermophysical properties of the material 664 

after repeated cycles [157]. This test is fundamental to ensure the long-term performance and 665 

economic feasibility of the LHTES. Table 9 presents several studies about the influence of 666 

thermal cycles on the NEPCMs thermophysical properties. The majority of the studies have 667 

not investigated the influence of the thermal cycles on the NEPCM thermal conductivity, 668 

although one did find that after 80 cycles, the thermal conductivity of the NEPCM went down 669 

by more than 27%[122]. 670 
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Table 9. The effects of thermal cycles on the NECPM thermophysical properties  671 

NEPCMs 
(Mass fractions) 

Method Effects on thermophysical properties Ref. 

SA/ TiO2 

(5 wt.%) 

Cylindrical constant temperature 
bath with a 28 cm diameter and 
12 liters capacity.  

250 cycles: High stability 

• Melting temperature (- 0.6 %),  

• Latent heat of melting (-1.36%), and 

• Latent heat of solidification (-0.97%).  

[3] 

LA-SA/ TiO2 

(1 wt.%) 

TGA test were conducted for 
base material and composite 
PCMs.  

5,000 cycles: Good stability 

• Latent heat of melting (-2.56%), and 

• Latent heat of solidification (-2.37%).  

[110] 

Paraffin/ TiO2 
(3 wt.%) 

TGA/DTA was used for the 
thermal analysis tests.  

80 cycles: 

• Latent heat decreases from 167 to 
166.05 J/g (-0.6%). 

• Thermal conductivity decreases from 
0.18 to 0.131 W/m K ( -27.22%) 

The nanocomposite with the presence of a 
capping agent demonstrated a more uniform 
dispersion.  

[122] 

Paraffin/ GNPs 
(0.15 wt.%) 

Thermal cycling test using two 
thermoelectrics elements (hot 
and cold sources). 
Latent heat and phase change 
temperature measured with the 
DSC.  

1,000 cycles: 
The sample had good thermal stability as there 
was no decrease in the latent heat of fusion. 

[67] 

Na2SO4·10H2O-
Na2HPO4·12H2O/ 

nano-α-Al2O3 

(4.5 wt. %)  

Thermal-cycling test conducted 
in a thermo-cycling chamber 
(temperature programme 
between 5 and 60 °C) 

200 cycles: 
DSC and FTIR results proved that there is an 
excelled thermal and chemical stability.  

[109] 

4.1. Stabilization Techniques 672 

The addition of different mass fractions of nanoparticles into a base PCM material can produce 673 

agglomeration. Agglomeration is a process in which nanoparticles may stick together, 674 

developing random structures as they move through the base material. This effect is of great 675 

importance in heat transfer as it might affect the enhancement of the thermal conductivity of 676 

the PCM with time [158].  For example, some studies concluded that nanoparticles tend to 677 

form agglomeration more easily in paraffin-based PCM [159]. This sub-section discusses 678 

different techniques implemented to improve the stability and reliability of the NEPCM samples 679 

(Fig. 22). 680 

Masoumi et al. [3] investigated the physical, thermal and chemical stability of stearic acid using 681 

different concentrations of TiO2 nanoparticles. As low agglomeration of nanoparticles is 682 

preferable, the sedimentation balance method was implemented. After 250 cycles, the 683 

chemical and thermal stability remained great. Many studies have added surfactants into the 684 

NEPCM samples to minimize the agglomeration issues. 685 

 686 

Fig. 22: Stabilization Techniques 687 

The majority of studies used surfactants to minimise the agglomeration/sedimentation issues. 688 

Surfactants can sometimes have adverse effects on the thermal conductivity enhancement 689 

NEPCM 
Stability

Controling pH value

Surfactant

Sonication
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and viscosity of the NEPCMs [160]. Hence, an optimum value for the surfactant is required to 690 

be found. Harikrishnan et al. [110] studied the melting and solidification rate of an eutectic 691 

PCM (LA and SA) with 1 wt.% of TiO2, ZnO, and CuO nanoparticles and to ensure high stability 692 

of the nanocomposites, sodium dodecylbenzene sulfonate (SDBS) was incorporated into the 693 

samples. The results indicate that the nanoparticles added have delayed the decomposition 694 

of the material, having the maximum weight loss at 250˚C compared to pure PCM at 695 

temperatures between 110-230˚C. Although the incorporation of nanoparticles in the study 696 

described previously had positive effects on the stability of the material, different types of 697 

nanoparticles may have different reactions. Nourani et al. [74] prepared a paraffin 698 

nanocomposite with different mass fractions (2.5, 5.0, 7.5, and 10 wt.%) of Al2O3 and to assure 699 

a uniform distribution of the Al2O3, sodium stearoyl lactylate (SLL) was added. Then, the 700 

samples were ultrasonically vibrated for 2h at 80W and 50 kHz. The sedimentation 701 

photographs of the nanocomposites after 48h shown good stability, and the addition of the 702 

SLL may have contributed to improvement in the thermal conductivity of the material.  Agresti 703 

et al. [161] tested two different surfactants to analyze the effect that these nucleating agents 704 

have on the thermal behaviour of nanocomposites. The dynamic light scattering (DLS) 705 

technique was used to evaluate the particle size distribution. According to their results, the 706 

sodium dodecyl sulphate (SDS) provided the best results in terms of smaller particle size and 707 

emulsion stability. 708 

Controlling the pH value of the nanocomposites is an easy and inexpensive method that is 709 

utilized to improve the stability and solubility of the material by avoiding the agglomeration of 710 

the particles. The pH value can influence the microscopic morphology of the samples [162]. 711 

Hence, adjusting the pH value of the solution is essential, but not many studies have 712 

investigated this parameter. Oleic acid is a capping agent frequently used for the stabilization 713 

of magnetic nanoparticles [163]. Sahan and Paksoy [164] has prepared paraffin/nano 714 

magnetite (Fe3O4) particles through a two-step method. They adjusted twice the pH value to 715 

prepare the nano-magnetite, firstly, to 9.5 with 5 M NH4OH, 1% (v/v) oleic acid-716 

dichloromethane solution to minimize agglomeration and secondly to 7.0 with 1 M HCL to 717 

avoid hydrolysis of solution.  718 

5. Hybrid heat transfer enhancement  719 

Most of the studies that have investigated the enhancement of the thermal conductivity of 720 

PCMs for TES applications have only used one heat transfer enhancement technique, 721 

including extended surfaces, metal foams and encapsulation. However, according to many 722 

studies [165, 166], implementing a hybrid technique is relatively more efficient than 723 

implementing only one technique. Therefore, this section discusses the investigation of 724 

combining high conductive nanoparticles with other techniques to enhance heat transfer in 725 

LHTES systems.  726 

5.1. Nanoparticles and Extended surfaces 727 

Studies have investigated the effects of nanoparticles and extended surfaces simultaneously 728 

on the overall performance of NEPCMs. The addition of fins is desirable due to its 729 

performance, simplicity in fabrication and low cost [6]. The configurations of these surfaces 730 

can differ from circular, longitudinal, and rectangular [167], providing different advantages, 731 

including the increase in the overall heat transfer of the system, and some disadvantages, 732 

including the complexity of certain structures.  733 

Mahdi and Nsofor [29] numerically investigated the effects of the enhancement techniques on 734 

the PCM and NEPCM solidification rate, and according to their results, the solidification 735 
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process was better for the case with only fins, where the solidification time was reduced by 736 

55%, and fins-nanoparticle was reduced by 33.4%. Parsazadeh and Duan [168] numerically 737 

investigated the effects of circular plate fins and Al2O3 nanoparticles on the melting and 738 

solidification rate of paraffin wax on a shell and tube TES unit. They concluded that the addition 739 

of nanoparticles has increased the charging time and reduced the overall heat transfer rate 740 

because of the reduction of natural convection.  A Triplex-Tube Heat Exchanger (TTHX) 741 

performance was evaluated using a combination of NEPCM (paraffin wax/ Al2O3) and pure 742 

PCM with longitudinal and triangular fins. The main difference between the TTHX with internal 743 

longitudinal surfaces and triangular fins was the additional volume occupied by the triangular 744 

fin (and hence the smaller volume occupied by the PCM), as shown in Fig. 23. Comparing the 745 

results obtained with and without the nanoparticles, the triangular fins-NEPCM and 746 

longitudinal fins-NEPCM had faster solidification times, where the solidification time of the 747 

TTHX with triangular fins was reduced by 34% [169].  748 

 749 

Fig. 23: Physical configurations of TTHX. a) With internal longitudinal fins and b) With internal triangular fins [169] 750 

Groulx [170] conducted a numerical study to evaluate the overall benefits of using NEPCMs, 751 

using a COMSOL Multiphysics model. The study concluded that the implementation of 752 

NEPCMs does not present enough justification so far since the storage rate in a base PCM is 753 

still faster during the melting of the PCM. During discharging, the author showed that using 754 

internal surfaces (fins), a more straightforward and cost-effective heat transfer enhancement 755 

technique, provided more significant advantages than NEPCMs.  756 

Mahdavi et al. [165] investigated the influence of different nanoparticles, Al2O3, Ag, Cu and 757 

CuO, and the heat pipes number on improving PCM (RT55) heat transfer. The effects of the 758 

nanoparticles dispersion depend on the number of heat pipes; for instance, the effects of the 759 

nanoparticles on the heat transfer enhancement is more evident for the case of only two heat 760 

pipes, melting time decreased by 12.3%, when comparing to four heat pipes, melting time was 761 

reduced by 13.5%, which does not show a more significant change compared to the previous 762 

case. According to the results obtained, using four heat pipes without nanoparticles decreased 763 

the melting time by 83%. This heat transfer research shows that NEPCM often does not 764 

significantly increase melting/solidification rates when used with extended surfaces (fins and 765 

heat pipes) than similar systems using the base PCM with the same extended surfaces.  766 

5.2.  Nanoparticles and Metal foams  767 

Metal foams are a commonly used approach to enhance heat transfer in PCMs, with desirable 768 

characteristics such as low density, high porosity, high surface-area-to-volume ratio and 769 

thermal conductivity [171]. The materials often used are aluminium, copper and nickel. The 770 

use of metal foams may lead to questions about predicting the anticipated improvement of the 771 

thermal performance of the system due to its complicated pore structure [172]. The 772 

combination of nanoparticles and metal foams is often investigated by analysing the influence 773 

of the mass concentration of the nanoparticles and metal foam porosity. 774 
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Zhu and Fang [173] investigated the thermal properties of lauric acid/iron foam and GNPs 775 

composites. The composites were prepared with 3 wt.% GNP and iron foams with a different 776 

pore density of 40, 70 and 90 PPI. The results showed that the latent heat of the composite 777 

decreased as the pore density was increased (decrease in the pore size). This decreased the 778 

permeability of the lauric acid in the pore of the metal foam. Ren et al. [174]  performed a 779 

numerical simulation to investigate the effect of nanoparticles-metal foam enhancement 780 

technique in a heat pipe-assisted TES. The results indicated that by decreasing the porosity 781 

of the metal foams from 0.99 to 0.91 and using a nanoparticle volume fraction of 0.01, the 782 

PCM melted 27.02% faster. This paper has also concluded that using metal foams alone is 783 

more effective than the addition of high conductive nanoparticles. Mahdi et al. [166] conducted 784 

a numerical analysis to investigate possible solutions to improve the melting time of the 785 

paraffin (RT82) in a heat exchanger using a porous copper foam and Al2O3, and better results 786 

were obtained with a higher metal foam porosity and lower nanoparticles mass fraction.  787 

5.3. Nanoparticles and Microencapsulation  788 

The encapsulation of PCMs prevents the material from leakage by holding the liquid and solid 789 

phase of the material. Some key parameters are required to be investigated, including the 790 

encapsulation size, encapsulation geometry, shell thickness, and material to analyse its 791 

effects on the performance of the TES [175].  792 

Fang et al. [176] reviewed different preparation methods and analysed the thermophysical 793 

properties and applications of SSPCM, enumerating advantages and disadvantages of 794 

different encapsulation techniques, where micro-encapsulation is considered the most 795 

effective technique. Praveen and Pethurajan [17] investigated the thermal performance of 796 

GNP micro-encapsulated PCM using a polymer shell. The nanocomposites samples were 797 

prepared with 0.5, 1 and 3 wt%, and enough time was attributed to the shell formation to 798 

ensure uniformity. The results showed that the thermal conductivity of the PCM was increased 799 

by 97.39%, from 0.192 to 0.379 W/ mK. Jiang et al. [177] prepared a microencapsulated PCM 800 

based on paraffin wax with Al2O3 nanoparticles through emulsion polymerization. The thermal 801 

degradation of the poly (methacrylate-co-methyl acrylate) microcapsules shell was 802 

investigated, and the results presented a weight loss attributed to the shell pyrolysis. The 803 

thermal conductivity of the NEPCM was increased by 29.33%. Some studies observed that 804 

composites PCM with EG or hybrid EG create a SSPCM minimizing the leakage problem [57, 805 

66, 106, 178-180].  806 

6. Domestic applications of the TES  807 

This review section will evaluate existing TES applications using NEPCM found in the 808 

literature, focusing on residential space and water heating, mainly using solar energy. The 809 

development of efficient TES systems is crucial as it can improve the system stability, 810 

performance and demand response, providing support to the intermittent nature of the 811 

renewable sources. Zhenjun et al. [48] has provided a review on the implementation of 812 

NEPCMs for building performance improvement, including a step by step procedure on 813 

developing a LHTES. Therefore, this review will not cover NEPCMs as building materials 814 

applications (passive systems) [48, 181, 182], PCM integrated into cooling applications [183], 815 

and the applications for NEPCMs as thermal management regulation of Building-Integrated 816 

Concentrated Photovoltaics (BICPV) [184, 185].  817 
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6.1. Solar domestic water heating systems (SDWHS) 818 

SDWHS are extremely popular worldwide. Nevertheless, their techno-economic limitations, 819 

such as low efficiency in cold climates, heat losses and high overall system cost [186], are 820 

required to be addressed to perform at higher efficiency. Due to the favourable characteristics 821 

of PCMs [187], many studies were conducted to improve the performance of SDWHS with its 822 

utilization. Teamah [188] conducted a review on the application of PCM in SDWHS, and has 823 

identified the potential of energy savings and highlighted the opportunities that can widen PCM 824 

applicability in the market.  825 

In SDWHS, the water flows through a high thermal conductive tube/or flat plate heated by 826 

solar radiation and the heated water is stored in a thermally insulated container for future use. 827 

When using a PCM, intermediate heat storage is required to store surplus solar energy in the 828 

daytime [189]. According to the literature, carbon-based and metal-based nanoparticles have 829 

been highly investigated in SDWHS due to their excellent thermal conductivity [124, 126, 131, 830 

190-192]. Narayanan et al. [193] experimentally investigated a TES unit filled with an organic 831 

eutectic PCM (melting temperature of 54 ˚C) with nano graphite (NG) as the supporting 832 

material. From the results obtained, the NEPCM prepared has excellent characteristics such 833 

as high thermal conductivity and exceptional solar energy harvesting potential without 834 

compromising the latent heat of the PCM; these characteristics have led to an enhancement 835 

in the charging rate. Al-Kayiem et al. [194] investigated the performance of SDWHS without 836 

PCM, with PCM and NEPCM based on paraffin with 1 wt% of nano-Cu, at different inclination 837 

angles 10°, 20° and 30°. The system performance is optimum at 10° inclination, obtaining 838 

51.1% and 52% efficiency with PCM and NEPCM, respectively. It was concluded that there 839 

was no significant increase in the efficiency of the system with NEPCM when comparing with 840 

pure PCM. Alshukri et al.[195] experimentally studied the enhancement of paraffin wax with 5 841 

wt% CuO nanoparticle and ZnO microparticles in an evacuated tube collector and obtained 842 

higher efficient improvement with the first one. 843 

6.2. Tankless solar water heater 844 

SDWHS is a commonly used technique to utilize solar thermal energy, but the complexity and 845 

high cost related to the water storage tank size required to store the heat adequately are 846 

barriers that led to other technologies being developed. Tankless solar water heater (TSWH) 847 

with the incorporation of PCM has obtained significant attention in the field of thermal energy 848 

storage due to their compact structure [196] and effectiveness to provide hot water and space 849 

heating on-demand [197]. The techno-economic functionality of stearic acid/coconut shell 850 

charcoal (CSC) composite to work as a TES storage medium was evaluated using a domestic 851 

TSWH (Fig. 24) by Xie et al. [171]; the study proved that the TSWH system could heat the 852 

water at night when solar energy is unavailable.  853 

 854 

Fig. 24: Schematic diagram of the tankless solar water heater based on the SA/CSC composite [171].  855 
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Li and Long [84] conducted an experimental analysis to investigate the suitability of stearic 856 

acid implementation on TSWH. Three samples were prepared using SA with EG mass 857 

fractions of 2, 6 and 10 wt%, and the results demonstrated that the SA thermal conductivity 858 

with 6 wt% of EG was 9.6 times higher than pure SA, reaching 2.50 W/mK. It was concluded 859 

from the analysis that the incorporation of EG improved the uniformity of the heat transfer 860 

process and has a great potential in the TSWH application, as the thermal storage 861 

performance of the system improved with the incorporation of the NEPCM. 862 

6.3. Photovoltaic/Thermal  863 

The generation of energy through the utilization of photovoltaic (PV) systems is considered 864 

one of the most promising renewable energy technologies. The main limitation of PV systems 865 

is their low conversion efficiency influenced by their operating temperature [198, 199]. For that 866 

reason, different thermal regulation techniques were proposed over the last years to overcome 867 

the adverse effects of high temperatures on PV panels, including NEPCMs [47, 200-203]. 868 

Recently, Kumar et al.[47] reviewed the integration of NEPCM into photovoltaic/thermal (PVT) 869 

collectors and their future challenges.  870 

PVT collectors with PCM modules is a promising technology [204-206]; the majority of the 871 

studies have only focused on using NEPCMs as a coolant method to regulate the PVT 872 

temperature and improve the overall efficiency. This topic is still a novelty, and there are not 873 

many available studies conducted in the literature. Sardarabadi et al. [207] compared the 874 

thermal and electrical efficiency of a PVT with and without ZnO/water nanofluid and paraffin 875 

wax as a coolant method. The results demonstrated that the addition of the nanofluid reduces 876 

the temperature of the PV panel cell by 16°C, and the average electrical output was increase 877 

by 13%. Abdelrazik et al. [108] investigated the thermal and electrical performance of a PVT 878 

system with and without incorporating the nanocomposite based on paraffin wax with loadings 879 

of GNP. The numerical simulation considered the effect of different weather and operating 880 

conditions on the PV panel. The simulation results indicated that the PVT/NEPCM was more 881 

efficient in mid-July, demonstrating a 22% higher electrical efficiency than the standalone PV. 882 

Ergun and Eyinç [208] conducted an experimental analysis to investigate the thermal and 883 

electrical behaviour of the PVT systems using nanocomposites based on paraffin wax with 5 884 

wt% of Al2O3 nanoparticle; their investigation was based on energy and exergy analysis. Yang 885 

et al. [209] added ZnO and CuO nanoparticles into paraffin to study the photothermal 886 

properties and conversion performance; the effects of temperature and volume fraction on the 887 

photothermal properties were investigated experimentally and numerically. The authors 888 

reported that NEPCMs are a feasible solution to enhance the optical and photothermal 889 

properties of a glass envelope.  890 

6.4. Radiant floor system  891 

Radiant floor systems supply heat directly to the floor, they usually use electric power, but they 892 

are much more energy-efficient as they use heat sources with lower temperatures than 893 

traditional HVAC systems [210]. The critical parameters for designing these systems are heat 894 

transfer and surface temperature [211-213]. In the literature, only a few 895 

experimental/numerical studies investigated the performance of radiant floor heating and 896 

cooling systems, incorporating PCMs to provide an extra storage capacity [214-218].  897 

Jeon et al. [80] experimentally investigated the effect of adding xGnP on three PCMs 898 

(octadecane, hexadecane and paraffin) on the thermal conductivity and latent heat capacity 899 

for a proposed application of a radiant floor heating system. The thermal conductivity of the 900 

composite octadecane with 5 wt% of xGnP was increased by 101%, the highest increase in 901 

thermal conductivity from the experiment. The results proved that incorporating xGnP using 902 
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octadecane as a PCM could be an excellent energy-saving building material. However, the 903 

study described previously did not investigate the NEPCM in the actual radiant floor heating 904 

application. From the best knowledge of the authors, no studies have experimentally or 905 

numerically investigated the implementation of NEPCM in radiant floor heating systems.  906 

6.5. Glazed window  907 

Glazing a window is an ideal strategy to maximize the energy efficiency of buildings, as they 908 

provide good lighting and ventilation. However, their poor insulation can lead to excessive 909 

cooling and heating loads [219]. PCMs have been used over the years to improve the buildings 910 

energy performance [220]. Thus, many researchers conducted studies to investigate the 911 

performance of incorporating PCMs on double glazing windows to improve its heat storage 912 

capacity [221-225].  913 

 914 

Fig. 25: Sketch of the physical model of double-glazed window [226] 915 

Zhang et al. [227] investigated the seasonal performance of a double-glazed window filled with 916 

different nanoparticles (Al2O3, TiO2, ZnO) added to paraffin (Fig. 25). The interior surface 917 

temperatures were measured in winter and summer to evaluate the performance of the three 918 

different nanocomposites, and the results demonstrated that the incorporation of nanoparticles 919 

was favourable for decreasing the cooling energy consumption in summer. However, it 920 

showed no significant influence on the inner surface in winter.  921 

6.6. Thermal battery  922 

A thermal battery, also known as a heat battery, is a device used to store and release thermal 923 

energy. Different heat sources can be used to charge these systems, including PV, the grid, 924 

heat pumps, etc. Many researchers believe that these systems are the future of heat storage 925 

for buildings, and they offer many benefits, including the ability to store heat when the 926 

electricity prices are lower. A study conducted by Violidakis [228] considered two types of PV 927 

powered thermal batteries (Fig. 26) filled with an inorganic PCM based on sodium acetate for 928 

delivering heat and electricity for residential buildings. The results showed that using a thermal 929 

battery using a heat pump for charging was preferable; however, the comparison of both cases 930 

with a conventional system showed that the inclusion of a thermal battery into the system had 931 

improved the usage of the produced energy the PV.   932 
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 933 

Fig. 26 Thermal battery (a) using an electric resistor as a heat source (b) hot water from heat a heat pump as a heat 934 
source [228] 935 

Besides being used for the development of thermal batteries, PCM and NEPCM can also be 936 

used as a battery thermal management strategy. Having said that, a novel battery thermal 937 

management system using NEPCM was proposed by Jilte et al. [229], included in a modified 938 

battery module configuration employing two-layers of NEPCM based on two PCMs (eicosane 939 

and Na2SO4·10H2O, with melting temperatures of 32.4 and 36.4°C) with Al2O3 as the high 940 

conductive nanoparticles. The results showed that the use of NEPCMs was a very effective 941 

strategy to maintain the cell temperature below 46°C even when ambient temperatures were 942 

around 40°C.  943 

6.7. Radiator 944 

Retrofitting existing houses is a challenge for the Net Zero target [230]. Thus, new 945 

technologies have been developed to recover waste heat from domestic space heating [231]. 946 

Sardari et al. [232] evaluated the performance of a compact heat storage unit using a 947 

composite metal foam PCM to improve the efficiency of domestic radiators. The compact unit 948 

was attached to the wall behind the radiator to store waste heat released from the radiator 949 

back surface to the wall. When the boiler was switched off, the unit discharged the previously 950 

stored heat, increasing energy savings. The implementation of NEPCM in radiators has not 951 

yet been conducted based on the absence of literature available for this application.  952 

7. Materials Cost 953 

This section presents a brief review of some economic evaluations to understand the feasibility 954 

of proposed systems using NEPCMs. One of the main disadvantages of TES development is 955 

the cost related to storage materials [233]. Nanoparticles are not the cheapest of the materials; 956 

therefore, the additional cost of this technique can be a drawback.  The economic criteria often 957 

include the availability of the material, cost and ease of recycling treatment.  958 

A techno-economic analysis on the integration of paraffin/nano-SiC on PVT system was 959 

performed by Al-Waeli et al. [234]. The system was compared against three systems to 960 

validate the performance and analyse the market potential. The results indicated that the 961 

system is economically feasible, with a 4.4-5.3 years payback period.  The payback periods 962 

of the other systems studied were not provided for comparison.   963 
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Khan et al. [43] performed a comprehensive analysis of the techno-economic aspects of 964 

fourteen metal-oxides-based nanocomposites with three different mass fractions and their 965 

measured price-to-performance ratio for potential nanocomposites for thermal storage 966 

applications. From their analysis, the metal-oxides nanoparticles with the best price to 967 

performance ratio identified were SiO2, Al2O3, MgO and TiO2. 968 

Although none of the studies reviewed used nanoparticles made from waste materials, with 969 

the significant increase in waste disposed of globally, this strategy has a great potential to 970 

save on the overall cost of the TES system. Also, it would help reduce landfill waste and the 971 

dependency on conventional raw materials applying the concept of a circular economy. 972 

Recently, some studies have presented the preparation of nanoparticles from waste materials: 973 

• Silicon carbide (SiC) nanoparticles from silicon dioxide and electronic waste compact 974 

discs [235]. 975 

• Biobased nanoparticles from egg, mussel and quahog shells [236].  976 

• Biobased calcium carbonate nanoparticles (CaCO3) from eggshell powder [237].  977 

• Magnetic iron oxide nanoparticles from waste iron [238]. 978 

• Carbon nanoparticles from various waste plastic bags [239]. 979 

8. Conclusion 980 

8.1. Summary 981 

This paper has provided an extended review on thermophysical properties and application of 982 

phase change materials, incorporating high conductive nanoparticles, with melting 983 

temperatures ranging from 20 to 70°C. The paper highlights the effects of these additives on 984 

the stability and reliability of the NEPCM. Various hybrid enhancement techniques, including 985 

the incorporation of fins used to enhance the heat transfer performance of the NEPCMs, were 986 

also presented. An overview of the most recent application of NEPCM for low-temperature 987 

thermal energy storage systems was discussed. The following conclusions can be made:  988 

• Organic PCMs are the most investigated nanocomposites. The non-paraffins include 989 

a wide selection of organic materials, including stearic, capric and lauric acid, 990 

frequently selected to prepare NEPCMs. 991 

• The nanomaterials selected are mainly carbon-based (see Table 7). Mainly due to their 992 

remarkable characteristics.  993 

• The majority of studies conducted were with mass fractions between 2-10 wt.%, since 994 

higher mass fractions, often lead to undesirable effects, such as the degradation of 995 

latent heat. Thus, an optimum value for the concentration of the nanomaterials is 996 

required, 997 

• The increase in the concentration of the nanomaterials leads to an increase in the 998 

viscosity of the material, decreasing the overall heat transfer rate in the LHTES.  999 

• The size and shape of the nanomaterials are also important parameters but are often 1000 

not investigated as much as the mass fraction concentration.  1001 

• Various NEPCM preparation techniques were identified and presented;  however, 1002 

many studies still do not include detailed information on the preparation technique 1003 

followed. 1004 

• Although the addition of certain nanoparticles showed remarkable enhancements to 1005 

the thermal conductivity, the effects on other thermophysical properties cannot be 1006 
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ignored. For instance, this review showed contradictory results regarding the effect of 1007 

nanoparticles on the latent heat capacity of the PCMs.   1008 

• Too many published results of NEPCM thermal properties lack uncertainty analysis.   1009 

• Only a few studies looked at the long term stability of NEPCMs, and of those studies, 1010 

an even smaller fraction looked at the stability in terms of thermal conductivity (which 1011 

studies showed a significant thermal conductivity decrease over a relatively small 1012 

number of thermal cycles performed). 1013 

• Higher mass concentrations of nanoparticles into the mixture increases the possibility 1014 

of agglomeration and sedimentation issues; synthesis methods such as stirring and 1015 

ultrasonication, and vacuum impregnation are the most used methods (see Table 1, 2, 1016 

3 and 4), as they can help mitigate these issues, ensuring a good dispersion of the 1017 

nanoparticles into the molten PCM.  1018 

• The addition of surfactants may negatively affect the thermal conductivity 1019 

enhancement of the material. Therefore, an optimal value for the capping agent needs 1020 

to be evaluated to minimize this unfavourable side effect.  1021 

• The use of nanoparticles with external surfaces is better than incorporating 1022 

nanoparticles alone, as only nanoparticles did not lead to a significant change in 1023 

performance.  1024 

• Those heat transfer studies which compared the performance of NEPCM thermal 1025 

enhancement to the base PCM in similar configurations often found that the NEPCM 1026 

showed very little increase in rates or even a decrease; pointing to the fact that the 1027 

configuration using (fins, heat pipes, foam, etc.) controls the heat transfer rate.  1028 

• The most studied applications of NEPCMs are on SDWHS (i.e. flat plate collectors, 1029 

evacuated tube collectors, etc.). However, there has been an increased interest in 1030 

PVThotovoltaic/Thermal systems applications over the last few years. 1031 

• Still, too many studies focused on the material properties with an application in mind, 1032 

without ever studying the material in the actual application.   1033 

• It is well-known that the storage media cost is one of the main issues that limit the 1034 

deployment of LHTES. However, only a few studies have highlighted the cost-1035 

effectiveness of the preparation of PCMs with nanoparticles, and often there is not an 1036 

agreement on the significance of the potential benefits of using NEPCMs for TES 1037 

applications. Hence, the cost analysis must be included as a criteria in evaluating 1038 

nanoparticles as a heat enhancement technique and must be compared to a similar 1039 

case using only the base PCM.   1040 

• None of the studies has investigated the possibility of preparing nanoparticles from 1041 

waste materials.  1042 

8.2. Future Work  1043 

Based on the numerous papers reviewed in this work, a few recommendations for future 1044 

research are proposed below:  1045 

• Most of the studies confirm that PCM enhancement with high conductive nanomaterials is 1046 

highly dependent on their particle size, shape, and material. However, there are 1047 

discrepancies in the results, requiring further investigation to understand the interactions 1048 

between the nanoparticles and the PCMs to evaluate their effects on the stability and 1049 

thermophysical properties.   1050 

• Multiple research groups should also perform measurements to ensure repeatability and 1051 

reproducibility of the results.  As it stands now, each researcher publishes their 1052 
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measurements individually, and even though discrepancies are often found between the 1053 

thermophysical properties of NEPCMs (as they were also often found in the 1054 

thermophysical properties of PCM), no further effort is made to reproduce those results.  1055 

This reduces the confidence in reported property values.  1056 

• Limited data is available on the thermophysical properties of eutectic PCMs with 1057 

nanomaterials. Therefore, more research is required in the preparation and 1058 

characterisation of nanocomposites with eutectic PCMs.  1059 

• The majority of the techniques used to characterize and test the stability of NEPCMs are 1060 

for small samples, the uncertainties in the measurements are not reported, and some 1061 

inconsistencies are found in the published data. For this reason, a standardised 1062 

methodology to conduct characterization and thermal cycling tests on NEPCMs should be 1063 

validated.  1064 

• Furthermore, more properties need to be characterised when doing stability and thermal 1065 

cycling tests, especially thermal conductivity, which is why NEPCM is produced. 1066 

• Too few studies investigate the heat transfer within the NEPCM in real systems; although 1067 

it is crucial to determine the NEPCM thermal properties, it is equally important to study the 1068 

thermal behaviour of the NEPCM in a thermal storage system. A lot more of those studies 1069 

are needed. It is also essential in those thermal studies to compare the system’s 1070 

performance with NEPCM to the same system’s performance using only the base PCM so 1071 

the impact of the addition of nanoparticles can be fully quantified. 1072 

• One of the main limiting factors in the deployment of LHTES is the cost. Therefore, 1073 

economic assessment and comparative analyses of commercially available and promising 1074 

nanomaterials should be investigated. Another future research is the investigation of 1075 

alternative waste-based materials as PCM and nanomaterials.  1076 

• The impact of nanoparticles on human health and the environment is unknown; thus, 1077 

studies should accentuate its potential adverse impacts to implement safety 1078 

measurements. Investigations on cost-effective biodegradable PCMs should be 1079 

conducted to develop environmentally friendly and renewable materials with the capability 1080 

to be microencapsulated. 1081 

• Techno-economic evaluation of other domestic applications of nanocomposites as 1082 

radiators, radiant floor, waste-heat recovery systems could be performed.  1083 

• A critical review of the different numerical simulations methods of nanocomposites and the 1084 

validation of some methods need to be conducted. Not many of the numerical simulations 1085 

conducted have been validated against experimental data.  1086 

  1087 
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