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Review article 

A systematic review of metal foam and heat pipe enhancement in Latent 
Heat Thermal Energy Storage system 

A. Jaisatia Varthani a,*, S. Shasthri a, S. Baljit b, V. Kausalyah b 

a School of Engineering & Physical Sciences, Heriot-Watt University Malaysia, Putrajaya, Malaysia 
b School of Mechanical Engineering, College of Engineering, Universiti Teknologi MARA, Shah Alam, Malaysia   
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A B S T R A C T   

Latent Heat Thermal Energy Storage (LHTES) system is a promising solution to increase the efficiencies of 
renewable energy by storing the additional energy produced during peak periods and releasing it during the 
energy sink period. However, the low thermal conductivity of the LHTES (PCM) system hinders its commercial 
adaptation. Applying a hybrid enhancement of heat pipe and metal foam has the potential to amplify the thermal 
performance of the LHTES system by combining heat pipe's efficient heat transfer capacity with metal foam's 
highly effective thermal conductivity capability. 

Bibliometric analyses were performed to provide an insight on publication evolution and trends of the heat 
pipe (HP) enhancement in LHTES (HP PCM), metal foam (MF) enhancement in LHTES (MF PCM), and hybrid of 
both heat pipe and metal foam enhancement in LHTES (HP-MF PCM). Then, a state-of-the-art review of HP PCM, 
MF PCM, and a detailed review of HP-MP PCM was carried out. The bibliometric analysis and review study was 
designed to examine the well-established field of research in HP PCM, and MF PCM, and use it to identify the 
gaps in research and potential studies in its promising hybrid, HP-MF PCM. 

A lack of research was noted in heat pipe design parameters study, thermal storage capacity studies, and 
experimental studies at high temperatures (>400 ◦C) in HP-MF PCM. The review points out the potential of 
enhancing the thermal performance in HP-MF PCM by applying temperature gradient optimization techniques 
and the prospect of HP-MF PCM application in various fields of study.   

1. Introduction 

Global energy demand will continue to increase with economic 
development and population growth. Energy Information Administra-
tion (EIA) reported that global energy consumption grew annually at 
7.1 % and is expected to reach 2.7 Gtoe by 2040 [1]. 

Our dependence on fossil fuel as a primary energy resource that is 
limited in supply with harmful environmental impacts had driven most 
countries to promote tax incentives and increase R&D investments in 
sustainable and environmentally friendly renewable energies [2]. Due to 
significant market growth in recent years, it is observed that renewable 
energy technologies in some cases are more cost-effective than con-
ventional energy without any further incentives [3]. 

However, renewable energy is often intermittent and unstable and 
may cause operational risks such as frequency and voltage stability is-
sues to power systems. Thermal energy storage (TES) can overcome the 

drawback of the renewable energy system by storing the additional 
energy produced during peak hours and releasing it during the energy 
sink period [4]. An ecological vision for sustainable, economical, and 
environmentally friendly energy is possible when the development of 
renewable sources of energy and thermal energy storage system matures 
[5]. 

Basic TES systems can be divided according to sensible, thermo-
chemical, and latent heat, as illustrated in Fig. 1. Sensible heat storage 
(SHS) involves thermal energy storage by changing of temperature in 
the material without undergoing phase transformation. Thermochem-
ical storage (TCS) requires a reversible physio-chemical condition upon 
heating to store the thermal energy and latent heat energy storage 
(LHTES) stores the energy during phase transformation of material. 
Among the three thermal energy storage methods, LHTES is the most 
promising TES due to its large energy storage density and isothermal 
phase transitions [6]. Industrial process heat applications with LHTES 

Abbreviations: PCM, phase change materials; LHTES, Latent Heat Thermal Energy Storage; HP, heat pipe; MF, metal foam; HP-MF, heat pipe–metal foam. 
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are expected to be developed and applied by 2030 [7]. 
Phase change materials (PCM) are extensively used as LHTES. 

However, PCM's low thermal conductivity limits the heat transfer rate 
during the melting/solidification process. A low heat transfer rate 
within the PCM may cause significant temperature differences within 
PCM, leading to system overheating and material failure [8]. Heat 
transfer enhancement is crucial to improve the heat transfer rate in the 

LHTES system so that heat can be stored or retrieved in TES systems to 
meet the response requirement [9]. 

Heat performance of LHTES systems can be improved by improving 
heat transfer or/and improving the thermal conductivity of the storage 
material (PCM), as illustrated in Fig. 1. Three main LHTES systems 
enhancement techniques were identified from earlier reviews [10–12]. 
The first technique is by improving heat transfer through the insertion of 
either fins or heat pipes or by applying multiple PCMs or by encapsu-
lation of PCM. The second technique is by improving thermal conduc-
tivity by inserting porous material into the base PCMs or by dispersion of 
low-density materials or nanomaterials into PCM. Two common porous 
materials used in the LHTES system are MF and carbon foam. The third 
technique is the hybrid heat enhancement technique which comprises 
the combination of two or more enhancement techniques. Fig. 2 illus-
trates the classification of heat transfer enhancement techniques. 

Mahdi et al. [13] reviewed hybrid heat transfer enhancement pub-
lications in the LHTES system and concluded that hybrid heat transfer 
enhancement using HP-Fin, and HP-MF is potentially the most efficient 
enhancement technique in terms of overall thermal performance 
improvement. A hybrid enhancement of heat pipe (HP) and metal foam 
(MF) combines both HP's efficient heat transfer capacity with MF's 
highly effective thermal conductivity capability to amplify the thermal 
performance of the HP-MF PCM system. A recent study by Ren et al. [14] 
further concluded that the melting performance of the HP-MF PCM 
system is better than the HP-MF-nanoparticles system as nanoparticle 
dispersion suppresses both conduction and convection during melting. 

In this study, bibliometric analysis was performed to provide an 
insight on publication evolution and trends of HP enhancement in 
LHTES (HP PCM), MF enhancement in LHTES (MF PCM), and hybrid of 
both HP and MF enhancement in LHTES (HP-MF PCM) system. Then, a 
state-of-the-art review on HP PCM, MF PCM, and a detailed review of 
HP-MP PCM was performed. The bibliometric analysis and review study 
was designed to examine the well-established field of research in HP 
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PCM, MF PCM, and use it to identify the gaps in research and potential 
studies in its promising hybrid, HP-MF PCM. 

2. Bibliometric analysis 

The bibliometric analysis provides insight into the development and 
trends of a certain research area. The analysis of the leading researchers 
(authors, journals, institutions, and countries) and their collaboration 
[15] can be used to identify the potential research as well as the op-
portunity for further collaboration. 

In recent years, bibliometric studies on thermal energy storage (TES) 
systems had been popular [16–21]. Mustapha AN et al. [16] conducted a 
bibliometric analysis of LHTES system while Calderon et al. [17] and 
Cabeza et al. [18] performed a comparative bibliometric analysis of 
sensible heat TES (SHTES), LHTES, and thermochemical energy storage 
(TCS). Cárdenas-Ramírez et al. [19] applied bibliometric analysis to 
study the containment in LHTES system. Tarragano et al. [20] identified 
the key knowledge areas on control methods of TES systems by applying 
bibliometric analysis. Borri et al. [21] provided a comprehensive review 
and classification of TES technologies in the built environment using 
bibliometric analysis. 

Maldonado et al. [22] presented a systematic review and biblio-
metric analysis of HP PCM system. However, no bibliometric study was 
conducted on the MF PCM system, despite its significant increase in the 
number of publications since the year 2015. 

The analysis of this paper was developed based on a systematic re-
view methodology [23]. Scopus® database was the only reference in this 
study as it includes both citation databases of peer-reviewed literature as 
well as abstract compared to Web of Science [24]. Google Scholar and 
ResearchGate were not used as a reference in this study due to the low 
reliability of bibliometric results [25]. The limitation of the study in-
cludes that some publications in the field of study might not be captured 
in the Scopus® database and the search using query string might neglect 
publication with specific keywords. 

The following subsections outline the implementation of publication 
search and extraction and analysis of the study. 

2.1. Search and extraction 

This systematic search was carried out by applying query string in 
Scopus® database to refine the search of publications of HP in LHTES 
and MF in LHTES. 

It was observed that there's no congruency in using a distinct 
keyword to refer to the technology in the LHTES system. The authors 
have developed an inclusive keyword that includes a combination of 
complementary keywords to address the LHTES system. The keywords 
include but are not limited to PCM and storage, “phase change mate-
rial*” and storage, “latent heat storage*”, “latent heat thermal energy 
storage*”, LHTES, “latent thermal storage*”, “latent thermal/w3 stor-
age*”. Three words are allowed between thermal and storage in “latent 
thermal/w3 storage*”. As PCM also refers to phase change memory, the 
word “memory” was added to the query as exclusion. Similarly for the 
query in metal foam, the query string includes a specific type of metal 
foam used in MF PCM such as “copper foam*”, “aluminium foam*” and 
“nickel foam*”. The quotation marks (“”) were used to specify the exact 
phrase, while the asterisk (*) is used to retrieve both the singular and 
plural versions of the keyword. The search string is shown in Table 1. 

After the general search using the query string, computerized liter-
ature extraction which includes inclusion and exclusion criteria were 
applied to the query string search in Scopus® database. The criterion for 
the search includes papers published only in the English language and 
up to the year 2020. Grey literature [26], e.g., articles in the press, book 
series, review book chapters were excluded from the search. 

A deeper screening process was carried out using Microsoft Excel to 
remove duplicates, general review papers, and unrelated articles in HP 
PCM and MF PCM studies as well as to identify and extract HP-MF PCM 

articles. The data extraction flowchart is shown in Fig. 3. 
As a result of the search and extraction process, 172 MF PCM pub-

lications, 180 HP PCM publications, and 13 HP-MF publications were 
identified. 

2.2. Analysis 

Bibliometric analyses were performed on the extracted database of 
HP PCM, MF PCM, and HP-MF PCM using Microsoft Excel and VOS 
viewer (L.U. Centre for Science and Technology Studies, 2018) software. 
VOS viewer is used to map the interactivity between authors [27]. The 
following analyses were based on the trend of publications, countries, 
authors, and journals. 

2.2.1. Trend analysis 
The trend of publications in HP PCM and MF PCM can be perceived 

based on the number of publications over time. As presented in Fig. 4, 
the number of publications in HP PCM had been steady before 2010, 
followed by an increased rise from the year 2015. A significant rise in MF 
PCM publications was also observed from the year 2015. Changing dy-
namics can be seen between the study HP PCM and MF PCM, where the 
trend had gradually shifted from HP PCM to MF PCM in recent years. 
HP-MF PCM publications are limited as it merely becomes the subject of 
interest in the year 2020. 

The increase in interest in both HP PCM and MF PCM can be 
attributed to two factors. The first factor is the passing of budgets, 
various acts, and policies since 2014 [28–33] worldwide. Policies such 
as the 2015 Chinese National Energy Administration, the European 
Union ‘STORE’ policy, 2016 US Energy Storage Tax Incentive includes 
the consideration of thermal energy storage system as a climate change 
mitigation tool. The second factor is due to the development of portable 
computer technology which requires efficient refrigeration in small 
devices and the pairing of this technology with solar energy systems 
[22]. 

In the following analysis of HP PCM, MF PCM, and HP-MF PCM, a 
comparative study will solely be performed on HP PCM and MF PCM. 
HP-MF PCM comparative study will not be included as HP-MF PCM is a 
new area of study with a limited number of publications. 

2.2.2. Distribution by countries 
A total of 43 countries were identified in research related to HP, MF, 

and HP-MF in the Scopus® database. The top 3 countries with the most 
significant number of publications in HP PCM, MF PCM, and HP-MF 
PCM studies are China (120 publications), the United States (90 publi-
cations), and the United Kingdom (29 publications). Fig. 5 shows the 
publication, in percentage by country. It is observed that China and US 

Table 1 
Query strings (Q).  

Category Query 

Heat Pipe AND Thermal 
Energy Storage 

TITLE-ABS-KEY ((“heat pip*”) AND (“thermal energy 
storage” OR “latent heat storage” OR “latent thermal 
storage” OR “latent heat energy storage” OR “latent 
heat/w3 storage” OR “latent thermal/w3 storage” OR 
“LHTES” OR “LTES” OR “PCM* AND storage” OR 
“phase change material* AND storage”)) AND NOT 
(“memory”) 

Metal Foam AND Thermal 
Energy Storage 

TITLE-ABS-KEY ((“metal foam*” OR “copper foam*” 
OR “aluminium foam*” OR “nickel foam*” OR “metal 
foam*-heat pip*” OR “heat pip*-metal foam*” OR “hp- 
cf” OR “hp-al” OR “hp-ni”) AND (“thermal energy 
storage” OR “latent heat storage” OR “latent thermal 
storage” OR “latent heat energy storage” OR “latent 
heat/w3 storage” OR “latent thermal/w3 storage” OR 
“LHTES” OR “LTES” OR “PCM* AND storage” OR 
“phase change material* AND storage”)) AND NOT 
(“memory”)  
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Fig. 3. Data extraction flowchart.  
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had >50 % of publications in HP PCM and HP-MF PCM. UK produced a 
significant publication of 10 % which is relatively equal to the US in MF 
PCM research. It is noted that the query of the HP PCM study retrieved 
20 publications under the “undefined” country. However, the general 
trend is not affected as all 20 publications were published before 1997. 

Papers published by countries are observed to be correlated with 
publication funding. Top publication funding of HP PCM, MF PCM, and 
HP-MF PCM can be traced to China and the United States (Fig. 6). A 
notable mention had to be made of the contribution of the National 
Natural Science Foundation of China in the MF PCM study, where it was 
observed that in the past 18 years, the National Natural Science Foun-
dation of China had funded a massive 62 publications of MF PCM. 84 % 
of publication funding of the National Natural Science Foundation of 
China funding can be traced to 2015. The funding for HP PCM and MF 
PCM had been gradually growing since the year 2010 and is expected to 
grow in the future due to thermal energy storage potential application in 
the development of renewable energy systems. 

160 higher education and research institutions had involved in the 
research of HP PCM, MF PCM, and HP-MF PCM with 8 institutions 
publishing >10 publications. Chinese and US institutions were at the top 
of the research institution list in HP PCM and HP-MF PCM studies. Fig. 6 
shows the top research institutions in HP PCM, MF PCM, and HP-MF 
PCM studies. Xi'an Jiao Tong University published the most significant 
number of publications in research on MF PCM and Beijing University of 

Technology published the highest number of publications in research on 
HP PCM. All the publications from Xi'an Jiao Tong University and 89 % 
of the publication from Beijing University of Technology are published 
since 2016. 

A direct correlation had been observed between countries' policies 
on funding to significant growth in the number of publications since 
2015 from the bibliometric analysis. 

2.2.3. Distribution by subject and publications 
The publications in the Scopus® database were assigned to the 

subject to provide a general overview of the established field of study. 
However, it should be noted that papers published are not assigned 
exclusively to one subject. Fig. 9 shows the publication by the subjects in 
HP PCM, MF PCM, and HP-MF PCM studies. More than 50 % of publi-
cations in all the studies are assigned in Engineering and Energy cate-
gory. Physics and Astronomy is the third most assigned category for all 
the studies. A thorough look at the publication in this category reveals 
that most of the publications in this category are assigned to two sub-
jects, the physics and astronomy category might have been assigned as a 
more general category. 

Only publications in articles, conference papers, and review papers 
are extracted from the Scopus® database. Generally, the significance of 
publication is referenced to the impact factor (IF) of the publication. 
However, it is important to consider the limitation in assigning impact 

(a) (b)                                                       (c)

34%

11%
10%

10%
4%

4%

27%

China United States
United Kingdom Italy
India Iraq
Others

36%

23%

9%

32%

China United States
Iran Others

30%

21%
4%4%3%

3%

35%

United States China
India Iran
Japan Malaysia
Others

Fig. 5. Publication distribution by countries in (a) HP PCM (b) MF PCM (c) HP-MF PCM.  

0 5 10 15 20 25

University of Kansas
University of Connec�cut

Zhejiang University
University of Warwick

Ministry of Educa�on China
Shanghai Jiao Tong University

Xi'an Jiaotong University
Chinese Academy of Sciences

Virginia Polytechnic Ins�tute and State University
University of Connec�cut

Temple University
Beijing University of Technology

HP
-M

F
PC

M
M

F 
PC

M
HP

 P
CM

Fig. 6. Publication distribution by the top research institution.  

A. Jaisatia Varthani et al.                                                                                                                                                                                                                     



Journal of Energy Storage 56 (2022) 105888

6

factors as a measure of significance [34]. 
The most significant number of journal publications in HP PCM, MF 

CM, and HP-MF PCM studies are from Applied Thermal Engineering 
(2020 IF = 5.259), Applied Energy (2020 IF: 9.746), and International 
Journal of Heat and Mass Transfer (2020 IF 5.584). Fig. 8 shows the top 
journal publications in HP PCM, MF PCM, and HP-MF PCM studies. It 
was observed that a larger number of high-impact journal publications 
were published in MF PCM compared to HP PCM. It might be due to the 
increased awareness among researchers on the benefits of publishing in 
high-impact journals in recent years as most of the MF PCM publications 
were only in the last five years. 

2.2.4. Distribution by author and co-authorship 
The relationship among the top 20 authors based on the collabora-

tive strength is mapped for HP PCM, MF PCM, and HP-MF PCM study 
(Figs. 10–12). Authors were grouped in clusters based on their collab-
orative strength and each author is represented by a node. The size of the 
nodes illustrates the relative publication citation of each author. The 
lines between the authors indicate the co-authoring link. Authors' con-
tributions are commonly measured in the number of publications and 
citations. 

From the analysis, six clusters are identified in the study HP PCM and 
four clusters in the HP-MF PCM study. Madhavi had published the most 
number of publications without collaboration with other active authors. 
A.Faghri and Bergman's collaboration is significant in both HP PCM and 
HP-MF PCM studies with consideration of both numbers of publications 
and citations. A.Faghri and Bergman produced nine publications in HP 
PCM and two publications in the HP-MF PCM study and their collabo-
ration produced the most cited paper in both categories. 

Zhang P. and Zhao C.Y represent are the two most-cited authors in 
the MF PCM study although they didn't collaborate with other active 
authors. It was observed that the highest cited papers by both authors 
are review papers with 311 and 490 citations each. Review papers 
broadly contain a higher number of citations as it includes and sum-
marizes the broader scope of study in the field. 

Based on the bibliometric index, the number of citations outweighs 
the number of publications. However other factors shouldn't be 
neglected in measuring the scientific impact of an author in the field of 
research [35]. 

3. Review 

The review was designed to identify the research gap and new 
research direction in the hybrid enhancement of HP and MF in LHTES 
(HP-MF PCM). It is necessary to provide a review on MF and HP 
enhancement in LHTES (PCM) as the progress in both enhancements 
jointly influences HP-MF enhancement. HP PCM and MF PCM had been 

actively studied for at least the past 10 years (Fig. 7), while the active 
interest in the hybrid study can only be observed in the year 2020. The 
review consists of the state and detailed review of HP-MF PCM. The 
conclusions derived from the gap in the study are presented along with 
potential research areas in the HP-MF PCM study. 

3.1. Heat pipe enhancement in LHTES (HP PCM) 

HP is considered a superconductor as its heat transfer effectiveness 
can be several thousand times greater than that of highly conductive 
metal [36]. HP can transmit a large quantity of heat through a small 
cross-sectional area at near isothermal temperature with minimal tem-
perature difference as a driving force [37]. Broadly, HP can be catego-
rized as wickless (or thermosyphon) and wick-assisted (or screen mesh) 
[38]. 

HP consists of three sections: evaporator, adiabatic, and condenser 
section. Heat transfer fluid in the HP is evaporated by heat input at the 
evaporator section. The vapor flows from the evaporator section through 
the adiabatic section to the condenser section. The lower temperature at 
the condenser section liquidates the vapor. The liquid formed then 
returns to the evaporator section through an internal wick, or by gravity 
to complete the cycle. Embedding HP into LHTES (PCM) can improve 
the thermal conductivity of PCM and increase the melting/solidification 
rates of PCM. 

To obtain an overview of HP PCM studies, it is necessary to refer to 
review papers [39–45] published in the HP PCM system. Naghavi et al. 
[39] reviewed publications on applications, modeling, and effective 
parameters of the HP PCM systems. Ali [40], the updated study of HP 
PCM applications and discussed further the opportunities, and chal-
lenges of HP PCM in thermal energy storage and cooling systems. Mal-
donado et al. [22] performed a systematic review analysis of HP PCM 
and discussed in detail the state-of-the-art of experimental research and 
the numerical modeling of HP PCM. 

In recent years, increasing research on the application of HP PCM in 
the field of solar, heat exchangers, cooling of buildings, and electronic 
components had been performed [41]. The effect of HP design param-
eters on heat transfer rate and phase change duration of PCM is 
important considerations for the incorporation of HP PCM in thermal 
systems. A summarized review that highlights the effect of the HP design 
parameter on its application is explored. The application of HP PCM is 
categorized by the operation temperature as shown in Fig. 13. 

The first publication of an HP PCM system was recorded in 1978 by 
Abhat [46] in low-temperature solar heating applications. PCM, fin 
geometry, and heat flux input are observed as parameters that affect the 
system performance. It is noted that Fin-HP-PCM enables the solar col-
lector to operate within small temperature swings. 

Liu et al. [47,48] conducted functional experimental research on HP 
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LHTES units at medium temperatures with potential for solar applica-
tions. Shabgard et al. [49] investigated the transient response of the HP 
integrated with a dish-stirling solar power generating system using a 2D 
numerical model in a cylindrical LHTES system in medium-temperature 
solar applications. Four HP spacing values were considered during the 
charging process, discharging process, and simultaneous charging and 
discharging process in a fixed volume of PCM. They identified the HP 
spacing as a significant parameter of the system. 

Keddy et al. [50,51] embedded HP in LHTES unit to power up an 
organic Rankine cycle solar dynamic power system at high temperature. 
Experimental analyses were performed to determine the operating re-
quirements and limits of power input. The model achieves the opera-
tional requirements of absorbing and transferring the solar energy to the 
heater, providing TES during a solar eclipse, and supporting uniform 
discharge from TES to the heater. 

Oshman et al. [52] developed a high-temperature thermosyphon 
aiming to integrate HP in LHTES and the power block of the solar power 
plant, but the thermal efficiency results were unsatisfactory. A numer-
ical study on high-temperature solar application HP PCM system was 
performed by Bergman et al. [53]. HP embedded with a high- 
temperature shell-and-tube LHTES system in a solar thermal power 
plant during charging and discharging modes and the results displayed a 
significant increase in the charging and discharging rates with an in-
crease in HP quantity. 

Sharifi et al. [54] numerically compared the effect of HP, solid rod, 
and hollow tube on the melting of PCM in a cylindrical LHTES system as 
a heat exchanger at low temperature. The melting rates of the HP PCM 
system are higher compared to the others. Melting rates correlate with 
an increase in condenser length or HP diameter. Tiari et al. [55] 
experimentally investigated the effect of HTF flow rates and HTF inlet 
temperature during the charging and discharging process in HP inte-
grated cylindrical LHTES. The influence of HTF flow rate and inlet 
temperature was assessed. Increased flow rate has a significant effect on 
the charging rate but a negligible effect on discharging rate. Higher 
temperature accelerates the charging process. In a similar study, Mota-
har et al. [56] observed that the higher temperature input significantly 
reduced the charging time while the colder temperature accelerates the 
discharging time. Saraswat et al. [57] attached HP axially in semi- 
cylindrical LHTES. It was observed that melting was concentrated at 
HP, minimizing the convection process. Qiu et al. [58,59] developed a 
high-temperature cylindrical heat exchanger by applying HP PCM with 
and coupling it with a 3 kW free-piston Stirling convertor. The system 
performs better in a horizontal position than in a vertical position. 

Wu et al. [60] analyzed the thermal performances of HP-PCM in 
electronic cooling. HP evaporator was heated by an electronic device 
and the finned condenser was cooled by a low-powered fan. Results 
show that HP PCM reduces fan power consumption by 46 % relative to 
HP. Turnpenny et al. [61,62] developed a cooling system integrated 
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with the HP-PCM system. It was concluded that the heat transfer rate 
between the air and PCM was improved by embedding it in the PCM. HP 
PCM building cooling system offers significant benefits compared to 
chilled beams and air conditioning. 

Huang et al. [63] studied the application of HP PCM in low- 
temperature electric battery applications by developing a PCM block 
split in cell modules cylindrical. Flat HP was placed between the cell 
modules. PCM, HP PCM with air-cooled, and HP PCM with water-cooled 
performance were compared. HP PCM cooling battery clocked better 
performance than other systems. 

3.2. Metal foam enhancement in LHTES (MF PCM) 

Immersion of MF into PCM is one of the most widely used and most 
efficient techniques to enhance thermal conductivity as well as overall 
heat transfer of PCM [64,65]. However, with the immersion of MF in 
PCM, the total amount of PCM was reduced, causing a decrease in total 
energy storage capacity in the system. Furthermore, the presence of MF 
in PCM restricts the flow of molten PCM and consequently the natural 
convection in PCM [66]. 

The common metal used as MF is copper, aluminium, and nickel. 
Copper is widely used compared to other metals due to its high thermal 
conductivity. Aluminium has low density but its comparatively low 
melting point limits its use in high-temperature applications. Nickel has 
a comparatively higher melting point but low thermal conductivity and 
is used in high-temperature applications [67]. 

The geometry of MF is described by pore size, porosity (ε), and pore 
density (ω). Pore size is defined as the pore diameter, porosity is defined 

as pore volume percentage to the total volume which includes foam 
struts, and the pore space and pore density are defined as the number of 
pores per linear inch (PPI) [68]. Open-cell MFs are categorized into two 
types, high porosity MF (porosities > 85 %) and low porosity (50 % <
porosity 85 %) [69]. MF PCM composites are commonly prepared by the 
vacuum infiltration method [70,71]. 

To get an overview of MF PCM studies, it is necessary to refer to 
published review papers on the MF PCM system [72–76]. The effect of 
MF design parameters on heat transfer rate, phase change duration, and 
heat storage capacity of PCM is an important consideration for the 
incorporation of MF PCM in thermal systems. In recent years, novel 
techniques that optimize temperature gradient in PCM to improve the 
thermal performance of MF PCM systems were observed in the pub-
lished review papers. 

In the following paragraphs, the effect of MF design parameters 
which includes MF geometric parameters and heat direction as well as 
emerging techniques for improving thermal performance in MF PCM are 
summarized. 

Siahpush et al. [77] studied the thermal performance of an MF 
(copper) PCM (eicosane) system consisting of eicosane as the PCM and 
copper porous form of 95 % porosity. The presence of MF increased the 
effective thermal conductivity of MF PCM resulting in a decrease in both 
melting and solidification time. Mancin et al. [78] conducted experi-
mental analysis on MF PCM (copper) using MF with different densities 
with constant porosity at three different melting-point of PCM. It was 
observed that the phase change duration was reduced to the uniform 
temperature distribution. 

Wu and Zhao [79] observed that MF PCM with lower porosities of 

Authors Publica�ons Cita�ons Total link strength

Cluster 1 (8)

alleman j. 3 29 15
ginley d.s 2 24 14
oshman c.j 2 24 14
parilla p.a 2 24 14
rea j.e 2 24 14
siegel n.p 2 24 14
singh a. 2 24 14
toberer e.s 3 29 15

Cluster 2 (7)

chen c. 5 39 20
diao y. 6 61 26
liang l. 11 138 30
wang t. 5 47 24
wang z. 7 208 24
zhao y. 6 61 26
zhao y.h 5                           88 4

Cluster 3 (2)

bergman t.l 9 787 9
faghri a. 9 787 9

Cluster 4 (2)

metselaar h.s.c 5 150 5
naghavi m.s 6 171 5

Cluster 5 (1)

madhavi m. 12 435 0

Fig. 10. Co-authorship network and cluster in HP PCM.  
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MF will contain less mass of PCM as MF will occupy the space of PCM in 
the system, which consequently will reduce the capacity for thermal 
energy storage. Libeer et al. [80] have reported the reduction of 69.2 kJ 
by applying MF with 88 % porosity instead of MF with 97 %. 

Zhang et al. [81] compared both numerically and experimentally the 
heat transfer in MF (Copper) PCM. Initially, conduction was observed as 
the dominant mode of heat transfer, however, once the PCM melted, 
convection became the main mode of heat transfer. It is shown that the 
insertion of MF curbed the natural convection in PCM. 

Li et al. [82] conducted numerical and experimental investigations of 
the effects of MF porosity and pore density on the temperature distri-
bution during melting. A uniform distribution of temperature was 
recorded in PCM indicating that predominantly the heat was transferred 
by heat conduction and that the effect of natural convection suppression 
was limited with the application of the copper foam. 

Allen et al. [83] noted that variations in pore density do not 
demonstrate a significant impact on the heat transfer rate of MF PCM. 
However, Ferfera and Madani [84] recorded a significant decrease in 
HP-MF PCM heat storage capacity when the MF pore density was 
increased. Zhu et al. [85] further proposed that pore density becomes 
the most effective parameter of heat transfer performance when natural 
convection dominates the overall heat transfer. 

Lafdi et al. [86] performed an experimental analysis to study the 
effects of porosity and pore size in MF (Aluminium) PCM during melting. 
Samples with various ranges of porosity and pore size were applied in 
the experiment. The conclusion was that MF porosity influences the 
conduction and pore size influences the convection. Therefore, it is 
evident that there is a need for optimal values of both porosity and pore 

size to take advantage of both conduction and convection. Xiao et al. 
[87] remarked that thermal conductivity increased with the reduction of 
MF porosity and no significant impact was detected in effective thermal 
conductivity by varying MF pore size for the same porosity. 

Wu and Zhao [88] observed a 2.5 times faster heat transfer rate in the 
bottom heating arrangement compared to the top heating arrangement. 
They concluded the improvement of the heat transfer rate is because of 
convection. Yang et al. [89] experimentally observed the influence of 
inclination angles on the melting rate of MF PCM. The melting rate was 
not significantly influenced by the enclosure's orientation. The conclu-
sion was that MF PCM convection was suppressed by MF and conduction 
was not affected by heat transfer direction. 

Temperature gradient optimization techniques by applying multiple 
segments of MF (cascading porosity/cascading pore density) and partial 
filling strategy are recent techniques observed in MF PCM studies that 
optimize the thermal performance of the system. 

Mahdi and Nsofor [90] suggested the application of multiple 
segment MF as a novel approach for heat transfer enhancement in the 
HP-MF system. They observed that a decrease in the temperature 
gradient in the direction of heat flow direction can be regulated by 
applying multiple segment MF with cascading porosity in the direction 
of a temperature gradient to achieve a uniform temperature distribution. 
Significant reductions in melting and solidification rate of MF PCM were 
observed. Venkateshwar et al. [91] numerically examined the influence 
of varying gradients of porosity on MF PCM. The melting rate was 
reduced by almost 15 % while the solidification rate was reduced by 10 
%. They further noted that lower mean porosity is more effective. 

In a recent study, Marri and Balaji [92] performed experimental and 

Authors Publica�ons Cita�ons Total link strength

Cluster 1 (6)

li x. 6 72 23
liu j. 4 51 21
ma t. 4 51 21
wang q. 4 51 21
zhang h. 4 51 21
zhang j. 2 19 1
zhu z. 4 79 21

Cluster 2 (11)

he y,-l. 8 375 19
jin l. 6 255 19
wei p. 4 107 11
yan j. 3 52 12
yang x. 11 374 36
yu j. 5 157 15

Cluster 3 (4)

buonomo b. 9 77 24
ercole d. 8 77 22
manca o. 9 77 24
nardini s. 7 28 20

Cluster 4 (5)

giddings d. 5 174 16
sardari p.t 5 192 13

Cluster 5 (1)

zhang p. 8 1326 8
Cluster 6 (1)

zhao c.y 11 1161 0

Fig. 11. Co-authorship network and cluster in MF PCM.  
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numerical investigations on the effects of gradient porosity and pore 
density on the thermal performance of MF PCM. The results showed that 
higher performance enhancements were obtained with an increment in 
the pore density in the opposite direction of the flow and concluded that 

Authors Publica�ons Cita�ons
Total link 
strength

Cluster 1 (6)

chamkha a. 1 26 5
ghalambaz.m 1 26 5
ghodrat m. 1 26 5
hashem zadeh 
s.m 1 26 5
mehryan s.a.m 1 26 5
young j. 1 26 5

Cluster 2 (6)

fan y. 2 32 9
qiu l. 2 21 8
yu m. 2 32 9
zhang c. 3 35 12
zhang x. 3 35 12
zhao y. 3 35 12

Cluster 3 (4)

allen m.j 2 83 6
bergman t.l 2 83 6
faghri a. 2 83 6
sharifi n. 2 83 6

Cluster 4 (4)

hayat m.a 1 11 3
janjua m.m 1 11 3
li c. 1 11 3
pao w. 1 11 3

Fig. 12. Co-authorship network and cluster in HP-MF PCM.  
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the effect of varying pore density was more efficient than that of varying 
porosity. 

Joshi and Rathod [93] numerically analyzed the partial filling 
strategy. The height of the porous foam and its porosity were analyzed as 
parameters. Allocating MF partially to the lower part of the cavity 
increased the temperature gradient and improved the melting rate. The 
total melting time observed on MF with a partial filling of 75 % is 
equivalent to the full volume of the MF. The partial filling strategy was 
therefore shown to reduce MF PCM weight and thereby presenting a 
more economical option. Zhu et al. [85] had analyzed the partial filling 
strategy and achieved a similar conclusion. They went on to suggest that 
a filling ratio of 2/3 would offer optimum techno-economic 
performance. 

3.3. Hybrid of the heat pipe and metal foam in LHTES (HP-MF PCM) 

Hybrid heat transfer enhancement which comprises a combination of 
two or more heat transfer enhancements is gaining momentum in recent 
years. A Hybrid of MF and HP in energy storage systems can amplify the 
thermal performance of the LHTES system as it combines the HP's effi-
cient heat transfer capacity with MF's highly effective thermal conduc-
tivity capability. There is only a limited number of MF-HP publication as 
the interest in hybrid enhancement is relatively new, however from the 
bibliometric analysis it can be observed that the interest in HP-MF PCM 
studies had increased exponentially in the year 2020. Table 2 shows a 
summary of the studies on HP-MF PCM. The review was summarized 

mainly by observing the parameters, responses, and conclusions derived 
in all HP-MF PCM publications. 

Nithyanandam and Pitchumani [94] developed a transient numerical 
analysis to investigate the effect of HP arrangement, pore density, and 
heat transfer fluid (HTF) velocity during both charging and discharging 
operations on the thermal performance of HP-MF PCM (Fig. 14). The 
conclusion was that the HP-MF PCM had a higher melting and solidifi-
cation rate. It was observed that the heat transfer rate decreased with the 
increase of MF pore density during charging, but contrary behavior was 
observed during discharge. The cause for the observation was the in-
crease in pore density of MF which limited the natural convection. 
Natural convection significantly influences heat transfer during 
charging but with negligible influence during discharge. An increase in 
HTF velocity decreases the charging and discharging effectiveness as an 
increase in mass flow rate caused an increase in heat input rate. The 
highest power discharged, discharge power density, and discharge 
effectiveness were observed in HP arrangement, 2VHP-MF (40 PPI). The 
highest power charged, charge power density, and charge effectiveness 
was noted in HP arrangement 2VHP-MF (10 PPI). The arrangement of 
HP is as shown in Fig. 14. 

Allen et al. [83] conducted an experimental analysis to measure 
relative effectiveness in cylindrical LHTES system with HP, HP-foil, and 
HP-MF (Aluminium) in PCM during the melting and solidification pro-
cess. Parameters of interest include the MF porosity, the foil thickness, 
the number of foils, and MF pore density. The PCM liquid fraction, 
temperature distribution, melting (solidification) rates, and effective-
ness was measured as responses. Finally, the relative effectiveness of HP, 
HP-foil, and HP-MF had been compared to a copper rod in a cylindrical 

Fig. 15. Allen et al., design of a cylindrical LHTES [93].  

Fig. 16. Ren et al., computational domain of reconstructed metal foam [94].  

Fig. 17. Lv, physical model of the thermal energy storage system [95].  
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LHTES system during melting and solidification. The report concluded 
that HP-MF PCM had significant improvement in melting and solidifi-
cation compared to Rod and HP enhancement. The influence of porosity 

was observed to be significant and pore density negligible for a fixed 
porosity. 

Allen et al. [95] performed experimental analysis to investigate the 

Fig. 18. Zhang et al., physical model and computational domain for the HP and PCM for five configurations with different enhancement techniques [96–98].  

Fig. 19. Zhang et al., schematic of the battery pack and the separation type BTMS [99].  
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effect of inclination angle in cylindrical LHTES system (PCM) with the 
rod, HP, MF (Aluminium), HP-foil (Aluminium), and HP-MF 
(Aluminium) during melting and solidification (Fig. 15). Liquid frac-
tions, temperature distributions, and photographs were presented as 
responses. The system orientation had a slight effect on vertical orien-
tation but a negligible effect on horizontal orientation in HP-MF PCM. A 
relatively higher liquid fraction in the vertical orientation of HP-MF 
PCM was attributed to gravitational assistance in returning the liquid 

working fluid to the HP evaporator. 
Ren et al. [14] developed an enthalpy-based immersed boundary- 

lattice Boltzmann method to investigate the melting process of HP-MF 
(Copper) and HP-nanoparticles-MF (Copper) heat enhancement in 
PCM. Variables considered were porosity and pore size of MF, the vol-
ume fraction of nanoparticles, and the radius of the HP. Decreasing MF 
pore size of high porosity MF improved the melting performance of PCM 
while increasing HP diameter had a significant effect on the melting rate 
but decreased the energy storage capacity of the system. The conclusion 
was that the HP-MF PCM melting performance is better than HP- 
nanoparticles-MF. From this, it can be concluded the energy storage 
efficiency could be achieved by the optimum combination of MF 
porosity and HP radius (Fig. 16). 

Lv [96] developed numerical analysis using the enthalpy-porosity 
technique to compare the thermal performance of HP PCM, MF 
(Nickel) PCM, and HP-MF (Nickel) PCM and the quantity of HP in high- 
temperature applications. HP-MF (Nickel) PCM showed the lowest 
melting rate with an even temperature gradient. The results had shown 
that the melting rate did not correlate with the number of HP applied. It 
was concluded that the number of HP applied needs to be optimized 
based on the LHTES unit (Fig. 17). 

Zhang et al. [97] investigated the 2D model of Heat Fin-HP-MF 
(Copper) PCM numerically. The influence of the number of fins, MF 
porosity, and PCM enclosure height was evaluated against liquid frac-
tion, exergy transfer rate, the evolution of solid-liquid interfaces, and 
temperature distributions in the study. The results indicated that a 

Fig. 20. Tiari et al., schematic of thermal storage unit with three embedded 
heat pipes [100]. 

Fig. 21. Hayat et al., schematic of experimental setup [101].  

Fig. 22. Liang et al., experimental system diagram [102].  

Fig. 23. Hashem Zadeh et al., configuration of the thermal energy storage 
unit [103]. 
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constant PCM volume, a larger number of fins, a higher PCM enclosure, 
and a lower porosity improve the melting and solidification rate. The 
best thermal performance was shown to be Fin-HP-MF enhancement 
with a fin volume ratio (γfin) of 0.5. The fin volume ratio was defined as 
the total volume fraction of the fin e.g. only copper foam (γfin = 0) or 
only fins (γfin = 1). The exergy analysis indicated a correlation of total 
volume fraction (φt) with effective thermal conductivity, but the impact 
of the natural convection weakened with an increase in total volume 
fraction (φt). Specifically, φt represented the total volume fraction of fins 
and copper foam (Fig. 18). 

Zhang et al. [98] performed a numerical study by applying an 
effective heat capacity method and thermal resistance to investigate the 
heat transfer characteristics of Fin-HP-MF (Copper), Fin-HP, and HP-MF 
(Copper). The influence of the number of fins, MF porosity, the radius of 
the enclosure, and the height of the enclosure were evaluated against 
liquid fraction, solid-liquid distribution, melting rates, and exergy evo-
lution. The results indicate that the Fin-HP combination had better 
melting performance, whereas the HP-MF combination led to better 
solidification performance. As the PCM enclosure height of the basic HP 
configuration increased, the melting and solidification times became 

shorter. Therefore, it was shown that increasing the number of fins in the 
Fin-HP combination or decreasing the porosity of the HP-MF combina-
tion could both significantly enhance the heat transfer rate when the 
PCM volume is fixed. The most significant improvement in conduction 
was observed in the Fin-HP-MF combination, whereas the strongest 
suppression of natural convection was noted in the HP-MF combination. 
Exergy analysis demonstrates Fin-HP-MF as the preferred method for 
heat transfer enhancement (Fig. 18). 

Zhang et al. [99] developed a two-dimensional numerical model 
based on the effective specific heat capacity to investigate an efficient 
LHTES with the enhancement of the HP, fins, MF (Copper), and nano-
particles. Numerical simulations with four different response models, 
(melting time (tm), solidification time (ts), exergy storage capacity (Em), 
and exergy release capacity), and seven control parameters, (PCM 
enclosure height (X1), PCM enclosure radius (X2), fin radius (X3), fin 
thickness (X4), porous foam porosity (X5), pore density (X6) and nano-
particles volume fraction (X7)) were used to develop Response Surface 
Methodology (RSM) model. Multiobjective optimization was applied to 
the model to obtain the optimum design parameters by considering both 
the phase change time minimization and the exergy conversion capacity 

Table 2 
Studies HP-MF PCM.  

PCM type Phase change 
process 

Investigated parameters Nature of work Outcomes References 

56 % Li2CO3 -I- 
44 % NaCO 

Melting and 
solidification 

1. Pore density of MF 
2. HP arrangement 
3. HTF velocity 

Numerical HP-MF PCM has higher melting and solidification rate. The increase of 
pore density of MF influences heat transfer during charging. An increase 
in HTF velocity decreases the charging and discharging effectiveness. 

[94] 

N-octadecane Melting and 
solidification 

System inclination angle 
(0–90◦) 

Experimental The system orientation has a slight effect on vertical orientation but a 
negligible effect on horizontal orientation in HP-MF PCM 

[95] 

N-octadecane Melting and 
solidification 

1. MF Porosity 
2. MF Pore density 
3. Foil thickness 
4. Number of Foil 

Experimental HP-MF PCM had significant improvement in melting and solidification 
rate compared to Rod and HP enhancement. The influence of porosity 
was observed to be significant and pore density negligible for a fixed 
porosity 

[83] 

Li2CO3-K2CO3 Melting 1. MF porosity/pore size, 
2. Nanoparticles volume 
fraction 
3. HP radius 

Numerical Energy storage efficiency could be achieved by the optimum 
combination of MF porosity and HP radius in HP-MF PCM. HP-MF PCM 
melting performance is better than HP-nanoparticles-MF. 

[14] 

KNO3 Melting Quantity of HP Numerical HP-MF (Nickel) PCM produces the lowest melting rate with an even 
temperature gradient. Melting acceleration is not correlated with the 
quantity of HP. The number of HP is to be optimized based on the 
LHTES unit in the actual application. 

[96] 

KNO3 Melting and 
solidification 

1. Number of fins 
2. Copper foam porosity 
3. PCM enclosure height 

Numerical The best thermal performance is Fin-HP-MF enhancement with a fin 
volume ratio (γfin) of 0.5. The exergy analysis shows the correlation of 
total volume fraction (φt) with effective thermal conductivity. 

[97,98] 

Paraffin Melting and 
solidification 

1. PCM enclosure height 
2. PCM enclosure radius 
3. Fin radius 
4. Fin thickness 
5. Porous foam porosity 
6. Pore density 
7. Nanoparticles volume 
fraction 

Numerical Significant effects of fin radius and porosity on the phase change time 
were observed, while PCM enclosure height and the PCM enclosure 
radius were found to be significantly affecting the exergy conversion. 
The multi-objective DE algorithm was applied by considering both the 
phase change time minimization and the exergy conversion capacity 
maximization to achieve optimum design parameters. 

[99] 

Paraffin Cooling 1. Discharge Rate 
2. Discharge Charge Cycles 

Experimental BTMS with HP-MF (Copper) PCM improves reliability and performance 
under a long period of working conditions as it offers a more suitable 
temperature and lessens the temperature imbalance within the battery 
pack. 

[100] 

KNO3 Melting and 
solidification 

1. Porosity 
2. Quantity of HP 

Numerical An increase in HP quantity and decreasing MF porosity accelerates the 
charging and discharging process which leads to a uniform temperature 
distribution in PCM and a significant increase in energy storage/release 
rates. 

[101] 

RT-35HC Melting and 
solidification 

1. Heat flux 
2. Cooling fan 

Experimental HP-MF PCM with fan shows maximum temperature reduction during 
charging and excellent cooling during discharging due to its low phase 
change temperature and high heat storage capacity. 

[102] 

Paraffin Melting and 
solidification 

1. Porosity 
2. Pore Density 
3. Inlet Velocity 
4. Inlet temperature 

Numerical & 
Experimental 

The high heat transfer rate and uniform temperature distribution are 
observed in FMHPA-MF PCM. FMHPA-MF shows better heat transfer 
performance compared to finned tubes, MF-reinforced shell-and-tube, 
and FMHPA-fins. 

[103] 

Capric Acid Melting 1. Angle of the HPs 
2. MF Porosity 
3. MF Eccentricity 
4. The volume fraction of 
the Cu/GO nano-additives 

Numerical Partial MF-Cu/GO nano-additives are more effective than applying each 
enhancement technique separately. The charging power is observed 
about four times higher compared to the case of pure PCM with only a 3 
% reduction of the thermal storage's capacity in partial MF-Cu/GO 
nano-additives PCM. 

[104]  
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maximization. Significant effects of fin radius and porosity on the phase 
change time were observed, while PCM enclosure height and the PCM 
enclosure radius were found to be significantly affecting the exergy 
conversion capacity. Optimization of the control parameters by finding 
the balance between conflicting objectives was thereby shown as 
important in efficient LHTES unit design (Fig. 18). 

Zhang et al. [100] conducted an experimental study using a lab-scale 
battery pack had been conducted on a novel separation type of battery 
thermal management system (BTMS) with HP-MF (Copper) PCM. The 
BTMS had been designed to balance the temperature in a LiFePO4 bat-
tery pack. The parameters of the studies include discharge rates of 1 ◦C, 
3 ◦C, 4 ◦C, and 5 ◦C, and discharge–charge cycle tests. Responses were 
measured by heat dissipation performance and temperature uniformity 
comparative to natural convection, forced convection, and baseline PCM 
modes. The proposed system was observed to improve reliability and 
performance for an extended period of operating conditions by reducing 
the temperature imbalance within the battery pack. However, the 
melting rate of PCM in the cycle tests which has a significant impact on 
the performance of the BTMS was not measured due to experimental 
limitations (Fig. 19). 

Tiari et al. [101] developed a multiphase transient numerical model 
to investigate charging and discharging operational modes of FHP-MF 
(Copper) PCM. The effects of MF porosity and quantity of heat HPs on 
the liquid fraction, temperature distribution, and stored/released energy 
of the system were investigated. An increase in HP quantity and inser-
tion of MF into PCM accelerated the charging and discharging process. 
MF porosity has the most significant effect on the thermal behavior of 
the system. Decreasing MF porosity reduces charging and discharging 
time, which led to a uniform temperature distribution in PCM and a 
significant increase in energy storage/release rates (Fig. 20). 

Hayat et al. [102] performed an experimental study to investigate 
the thermal behavior of HP PCM, MF (Copper) PCM, and HP-MF (Cop-
per) PCM at three different heat fluxes 2, 2.5, and 3 kW/m2 with and 
without a cooling fan. HP-MF PCM with fan showed maximum tem-
perature reduction during charging and excellent cooling during dis-
charging due to its low phase change temperature and high heat storage 
capacity. The high thermal conductivity of HP-MF PCM can minimize 
supercooling. PCM was observed to be more effective during the 
charging periods of lower heat flux. At higher heat flux, PCMs of higher 
melting points are recommended. PCMs with lower melting points were 
noted to change their phase rapidly and enter post sensible heating 
periods at higher heat flux (Fig. 21). 

Liang et al. [103] investigated a novel LHTES device based on flat 
micro-HP array (FMHPA)-MF (Copper) PCM both experimentally and 
numerically. Performances of FMHPA, temperature distribution, inlet 
temperature, and velocity of heat transfer fluid (HTF) were studied in 
the experimental analysis. The influence of porosity and pore density of 
MF on the charging rate was numerically investigated. The high heat 
transfer rate and uniform temperature distribution were observed in 
FMHPA-MF PCM. Increasing the temperature difference between the 
HTF and PCM exhibited more influence on the charging and discharging 
rate relative to increasing the HTF velocity. High porosity was observed 
to improve the natural convection but was found detrimental to heat 
conduction. Pore density was shown to be detrimental to natural con-
vection but had displayed a negligible effect on heat conduction. Based 
on the proposed evaluation standard of structural advantages in LHTES 
called integrated power, it was observed that FMHPA-MF showed better 
heat transfer performance compared to finned tubes, MF-reinforced 
shell-and-tube, and FMHPA-fins (Fig. 22). 

Hashem Zadeh et al. [104] investigated the charging process of a 
PCM in circular thermal energy storage with a two-pass HP that had 
been numerically studied using the enthalpy-porosity method. The ef-
ficiency of partial MF (Copper) and Cu/GO nano-additives in PCM had 
been analyzed by investigating the effects of the angle of the HPs with 
the horizon, porosity, and eccentricity of the MF and volume fraction of 
the Cu/GO nano-additives. The outcome reveals that the partial MF-Cu/ 

GO nano-additives are more effective than applying each enhancement 
technique separately. The charging power is observed about four times 
higher compared to the case of pure PCM with only a 3 % reduction of 
the thermal storage's capacity in partial MF-Cu/GO nano-additives PCM 
(Fig. 23). 

3.4. Discussion 

A concise review of the well-established field of research of HP PCM 
and MF PCM is necessary as the progress in both enhancements can be 
adapted to improve the thermal performance of the HP-MF PCM. HP 
PCM had been studied in a wide range of applications at different 
operation temperatures since 1978. Hence the review of HP PCM was 
performed to emphasize the effect of the HP design parameter on 
different applications and operating temperatures. In the review of MF 
PCM, the review highlights the effect of MF design parameters which 
includes MF geometric parameters and heat direction as well as 
emerging strategies that have a significant influence on thermal per-
formance in MF PCM. A detailed review of HP-MF PCM publications had 
been performed by observing the parameters and responses to track and 
update the current progress in this field. 

4. Conclusion 

This study presents the publication evolution in HP PCM, MF PCM, 
and HP-MF PCM by dividing it into two parts. The first part is the bib-
liometric analysis and the second part consists of the review of the state- 
of-art review of HP PCM, MF PCM, and a detailed review of HP-MP PCM. 
The bibliometric analysis and review were designed to highlight the 
research trend of HP PCM, and MF PCM so that gaps in research and 
potential studies in HP-MF PCM can be identified. 

The bibliometric analysis is applied in HP PCM, MF PCM, and HP-MF 
PCM studies. The analysis describes the publication evolution from 1978 
to 2020 according to year, country, authors, subject, journal, and the 
collaboration between authors based on the co-authorship networks. HP 
PCM system had been explored steadily since 1978 but changing dy-
namics can be observed from the study of HP PCM to MF PCM system in 
recent years. HP-MF PCM publications are a recent phenomenon that 
only gained momentum in the year 2020. A correlation is observed 
between the increased number of publications in both HP PCM and MF 
PCM since 2015 and the passing of budgets, various acts, and policies 
since 2014 which includes the consideration of thermal energy storage 
systems as a climate change mitigation tool. Both US and China are 
leading the research in HP PCM, MF PCM, and HP-MF PCM with almost 
50 % of the total publication with Chinese and US institutions at the top 
of the research institution list. The most significant number of journal 
publications in HP PCM, MF CM, and HP-MF PCM studies are from 
Applied Thermal Engineering, Applied Energy, and International Jour-
nal of Heat and Mass Transfer. A.Faghri and Bergman collaboration 
produced the largest number of publications with the highest number of 
citations in both HP PCM and HP-MF PCM categories while Zhang P. and 
Zhao C.Y are the two of the most-cited authors in the MF PCM study 
although they didn't collaborate with other active authors. 

It was observed from the review, that the HP-MF PCM studies are 
concentrated on studies of thermal performance but neglected studies on 
thermal storage capacity. The simplistic deduction of phase-change rate 
directly proportional to energy storage must be avoided as the appli-
cation of MF and HP reduces a significant amount of PCM in the system. 

In the study of the thermal performance of HP-MF PCM, both the 
study of heat transfer and thermal storage must be included. Most of the 
studies in HP-MF PCM are more focused on the effect of design pa-
rameters of MF and less on the effect of HP design parameters. It was 
shown in HP PCM review that HP design parameters do affect the heat 
transfer rate of the system and hence, it is important to consider the HP 
design parameter study in HP-MF PCM study. 

The potential of HP-MF PCM that had been recognized from the 
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review lies in high-temperature solar applications as well as low- 
temperature applications such as in heat exchangers, and electronic 
and battery thermal management. It was observed that the application 
of HP-MF PCM in the building was not explored at this point of the study. 
Based on the HP-MF PCM review, all the experimental works were 
confined to low-temperature applications whereas numerical research 
was prevalent in high-temperature applications. Granted the fact that 
the HP-MF PCM study is a new research field, the trend observed is 
resembled the study of HP PCM and MF PCM. The trend of developing a 
numerical model of high-temperature studies but validating it with 
experimental studies at low-temperature causes scaled-up differences in 
results when applied to real-life applications. 

Temperature gradient optimization techniques by applying multiple 
segments of MF (cascaded porosity), optimum density strategy (partial 
filling strategy), and multiple PCMs (cascaded latent heat storage) are 
recent techniques observed in MF PCM studies that optimize the heat 
transfer and heat storage capacity of the system, economical and pro-
mote uniform temperature distribution in the system. The review shows 
that applying temperature gradient optimization techniques in HP-MF 
PCM offers the potential to advance the thermal performance of PCM 
further. 
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