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1. Introduction

The utilization of industrial waste heat is one of the most
promising solutions to mitigate the problem of global
warming. In fact, in Japan, the amount of waste heat is as
much as a half the amount of primary energy.1) For the re-
covery of waste heat generated locally and periodically,
new thermal energy storage (TES) technologies are strongly
required, because conventional methods for steam genera-
tion from waste heat is not available in long-distance heat
transport and long-term heat storage. TES technologies can
be classified into six types2): (1) sensible heat utilization,
(2) latent heat utilization, (3) chemical energy utilization,

(4) thermoelectric device, (5) utilization of different con-
centration, (6) utilization of photochemistry reaction. In
this classification, Sensible Heat Storage (SHS) is regarded
as the most conventional technology and Latent Heat Stor-
age (LHS), as second one (see Table 1).

In SHS, a temperature difference of a solid or a liquid
such as brick, rock, o water is utilized; however, the low
density of thermal storage is unsuitable for realizing the ef-
ficient use of energy presently. In contrast, LHS using a
phase-change material (PCM) such as paraffin, fatty acid,
and molten salt affords many advantages such as (1) large
density of thermal storage, (2) change from periodically
emitted heat to constant-temperature heat source, and (3)
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Table 1. General TES technologies reported thus far.2)



repeatable utilization without degradation. LHS has been
widely applied in building materials,3–18) free cooling,19–22)

electronics cooling,23–34) solar water heating,35–42) solar
power generation,43–49) and waste heat utilization.50–56)

However, recent LHS technologies for the recovery of
relatively high-temperature waste heat such as combustion
off-gas have not been studied in detail despite their large
potential. Therefore, this paper outlines the trends in recent
technologies for LHS using PCM on the basis of papers
published from 2001–2009; in addition, it introduces a
state-of-the-art LHS technology for high-temperature (over
100°C) applications, in which a large amount of energy can
potentially be saved, as suggested by exergy theory. New
technologies such as solid–solid PCM, encapsulation of
PCM, PCM composite, solar power generation using LHS,
and waste heat recovery system are reviewed.

2. Latent Heat Storage

2.1. LHS and SHS

LHS is based on heat storage or release when a PCM un-

dergoes a phase change from solid to liquid or solid to solid
or vice-versa. Figure 1 shows a comparison between SHS
and LHS from the viewpoint of heat storage capacity, in
which the cumulative heat storage capacity of both SHS
and LHS was compared in the temperature range from
250–350°C. Here, as one example, KNO3/NaNO2/NaNO3

(53/40/7 wt%),45,57) also called HTS1,
57) was selected as a

typical SHS material, and NaNO3 with two points of phase
change at 276°C (transformation)58) and 307°C (fusion)45)

was selected as reference PCM.
The capacity of SHS is given by the following equation:

................(1)

Here, the temperature difference is quite important.
The capacity of LHS with a solid–liquid PCM is given

by the following equation:

.........(2)

Here, the value of latent heat is much more important as
compared to the temperature difference.

Figure 1 shows the contribution of latent heat to the ca-
pacity of energy storage. In this example, the heat storage
capacities of LHS and SHS are 396 and 157 kJ/kg, respec-
tively. In addition, PCM can transform intermittently emit-
ted thermal energy into a constant-temperature heat source,
because it can store and release a large amount of thermal
energy at a constant temperature at the melting point during
phase change (see Fig. 1). Basically, PCM can be used re-
peatedly semi-permanently without degradation.

2.2. Required Conditions for PCM

According to literature,11,59–64) commercially available
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Fig. 1. Comparison between SHS and LHS from the viewpoint
of heat storage capacity; here, the heat storage capacity
of LHS is 2.5 times that of SHS, with the help of two la-
tent heats.

Fig. 2. Classification of PCM, with examples of PCM candidates and their melting points.



PCMs should posses the following 23 properties; these
properties can be classified into four categories.

2.2.1. Thermal Properties

(1) Suitable phase change temperature, (2) large latent
heat, (3) large specific heat, (4) large thermal conductivity
in both solid and liquid phases, (5) rapid heat transfer,

2.2.2. Kinetic or Physical Properties

(6) large density, (7) small volume change during phase
change, (8) low vapor pressure, (9) no supercooling, (10)
sufficient crystallization rate, (11) favorable phase equilib-
rium,

2.2.3. Chemical Properties

(12) long-term chemical stability, (13) compatibility with
construction and container materials, (14) completely re-
versible freeze/melt cycle, (15) no chemical decomposition,
(16) no fire hazard, (17) non-toxic, (18) non-flammable,
(19) non-explosive, (20) no chemical decomposition,

2.2.4. Economic Factors

(21) abundant, (22) available, and (23) cost effective.

2.3. Classification of PCM

Figure 2 shows the classification of PCMs into single-
and multi-component materials, together with examples of
the melting points and applications of the proposed
PCMs.47,58,61,65,66) The tree-like classification diagram shows
that single-component materials include organic and inor-
ganic materials; organic PCMs include paraffins and non-
paraffins such as fatty acid and sugar alcohol, and inorganic
PCMs include hydrates, molten salts, and metal.

In general, paraffins (the most popular PCM), fatty acids,
and hydrates have a low phase-change point. Many PCMs
have been applied in building materials and solar heaters,
and their thermophysical properties have been studied in
detail.11,59,61,67) In general, sugar alcohols such as erythritol
and mannitol have a phase-change point of over 100°C. Re-
cently, erythritol with a melting point of 118–119°C has
been reported as a promising new PCM for applications in
solar cookers64,68) and for the recovery of waste heat at rela-
tively low temperatures under 200°C.53–56)

Molten salts were the most popular PCMs, and they had
a high phase-change point. In addition, several metallic ma-
terials have been proposed as PCMs with high phase-
change points,52,66) for applications in solar power genera-
tion systems and for the recovery of waste heat at high tem-
peratures over 200°C. Table 2 lists the thermophysical
properties of the proposed PCM candidates for high-tem-
perature applications over 100°C. Here, sugar alcohols,
molten salts, and metallic were selected.46,49,52,56,58,61,66,69)

3. Recent Trend in LHS Technology

Figure 3(a) shows the changes in the number of papers
published annually on PCM. We found that LHS using
PCM has attracted considerable attention in recent years,
especially after 2005. In fact, the number of papers in-
creases considerably at the rate of 40%/year. This corre-
sponds to the increasing recent focus on promoting energy

saving and utilizing renewable energy such as solar energy.
Figure 3(b) shows the distribution of papers published from
2001–2009 against the phase-change temperature of PCM.
The fig. suggests that studies on PCMs with phase-change
points of 20–60°C were predominant in all years. However,
a careful observation revealed that in 2006 or later, there
was a gradual increase in the number of papers reporting on
PCMs with phase-change points over 100°C. This implies
that some researchers shifted their focus from everyday ap-
plications to industrial ones. In fact, waste heat emitted
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Table 2. Thermophysical properties of proposed PCM candi-
dates—sugar alcohol, molten salt, and metallic—
with phase-changing point over 100°C.



from steelworks2) has more enthalpy at lower temperature
but more exergy at a higher temperature over 100°C.

Table 3 lists frequently selected keywords from the col-
lected papers. Papers on LHS and PCM frequently used

general keywords such as “phase-change material”,
“PCM”, “thermal energy storage”, and “latent heat”. Apart
from these, interestingly, “solar energy” was also frequently
used; these papers dealt with PCMs that can store solar en-
ergy through melting for various utilities. Keywords such as
“phase-change composites”, “thermal conductivity”,
“shape-stabilized” should be noteworthy in that these are
related to general problems encountered during the use of
PCMs, that is, capsulation and low thermal conductivity.

4. Recent Advancements in LHS Technology

4.1. PCM Capsules

Generally, because LHS mainly utilizes the phase change
between solid and liquid, the encapsulation of the PCM is
necessary to avoid the leakage of a liquid PCM. In addition,
Regin et al.70) noted the functions and requirements of
PCM containment: (i) meeting the requirements of strength,
flexibility, corrosion resistance, and thermal stability; (ii)
acting as a barrier to protect the PCM from harmful interac-
tions with the environment; (iii) providing a sufficient sur-
face for heat transfer, and (iv) providing structural stability
and easy handling. PCM capsules are classified into macro-
and microcapsules.

Macrocapsules are the most conventional PCM capsules,
and many papers have reported various shell materials such
as metal and plastics, and various shapes such as spheri-
cal71–75) and cylindrical.72,76–78) In contrast, micro-encapsu-
lation of PCM has recently attracted considerable atten-
tion79–85) because it reduces the reactivity of the PCMs with
the outside environment, increases the heat transfer area of
the PCMs, and enables the core material to withstand fre-
quent changes in the volume of the storage material during
phase change.79,80)

Table 4 lists trends in manufacturing methods for PCM
capsules. Many papers have reported the production of vari-
ous microcapsules, and the manufacturing methods, core
PCM materials, shell materials, thermophysical properties,
and capsule sizes of the same have been studied. Micro-in-
terfacial polymerization,80) in-situ polycondensation,81–85)

and complex coacervation79) are the most popular microen-
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Fig. 3. (a) Changes in the number of papers published on PCM,
which were searched using the keywords “Phase-Change
Material”, “PCM”, and “Latent Heat Storage” in the
search engine of ‘Science Direct’. The results contained a
total of 542 papers (search performed on Sept. 1, 2009.
“Fuel and Energy Abstracts” was not included). (b) Num-
ber of papers published on PCM yearly (2001–2009);
these are classified by the phase-change temperature of
the reported PCMs.

Table 3. List of frequently used keywords in the collected papers.



capsulation methods. Here, organic PCMs with melting
points under 100°C were usually used for microencapsula-
tion, except in the case of No. 8.

In contrast, Maruoka and Akiyama52) proposed the en-
capsulation of spherical metal PCMs such as Cu and Pb
with an electroplated Ni layer to recover industrial high-
temperature waste heat such as combustion offgas. The
PCM spherical capsule with Ni coverage provided hybrid
functions of both heat storage and catalysis. Nickel worked
well as a catalyst of the gas phase reaction CH4�H2O�
3H2�CO at 1000°C.

In summary, the encapsulation of low-temperature PCMs
is a state-of-the-art technology; in particular, the develop-
ment of micro-encapsulated PCMs is becoming increas-
ingly popular, whereas the encapsulation of high-tempera-
ture PCMs is less popular despite its engineering impor-
tance. In the near future, it is expected that easily pro-
ducible, encapsulated, high-temperature PCMs with large
thermal density will be developed.

4.2. Solid–Solid PCM

Generally, LHS utilizes the latent heat between solid–liq-
uid phases; thus, it requires the PCM to be encapsulated in
order to prevent the liquid PCM from leaking. However, the
capsule lowers the overall density of heat storage of the
LHS medium and increases the production cost. To over-
come these problems, solid–solid transformed PCM
(SSPCM) has been proposed. Figure 4 shows a comparison
between PCM and SSPCM.86) SSPCM is quite simple, and
it affords advantages such as easy handleability and cost ef-
fectiveness because it does not use a liquid PCM; therefore,
there is no risk of leakage and in turn, there is no need for
encapsulation. Table 5 lists recently published papers on
SSPCM, together with the proposed structure materials and

solid–solid phase-change temperatures and latent heat.86–92)

Many papers have reported that organic SSPCMs based on
polyethylene glycol and polyurethane can be easily pre-
pared, and mainly, their thermophysical properties have
been examined.87–91) In addition, Steinert et al.92) prepared
symmetrical dialkyl ammonium salts as SSPCMs. The
phase-change point of the new organic SSPCMs were all
under 100°C. In contrast, Nishioka et al.86) prepared an
iron-based metal alloy as an SSPCM to recover waste heat
at high temperature, and mainly investigated its thermo-
physical properties and oxidation resistance. They in-
creased the latent heat successfully by controlling the alloy
composition and the structural or magnetic transformation
alloy.
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Table 4. Research trends in encapsulation methods for PCM.50,79–85)

Fig. 4. Comparison between PCM and SSPCM86); SSPCM af-
fords two advantages, namely, easy handleability without
requiring encapsulation and reduced production cost, de-
spite the lesser storage density of latent heat.



In summary, many SSPCMs have been proposed thus
far; while these offer advantages such as absence of leak-
age, their latent heat is one order smaller than that of liq-
uid–liquid PCMs. This is a major drawback that should be
addressed in the future. Metal alloys of PCMs are also ex-
pected to be applied in stationary systems, such as struc-
tural materials with heat storage function, because they
have a small latent heat based on the weight, but a large la-
tent heat based on the volume. This implies that they are
suitable for energy storage at the same location but unsuit-
able for energy transportation.

4.3. PCM Composites

As mentioned above, PCM capsules have drawbacks
with regard to their heat storage capacity. The heat storage
density of LHS mediums decreases due to the layer of the
capsule; in addition, the encapsulation of the PCM in-
creases the production cost. In contrast, the thermal con-
ductivity of non-metallic PCMs such as paraffin and molten
salts is small, and this decreases the heat exchange rate in
LHS systems. Recently, PCM composites, a mixture of var-
ious materials and PCMs, have been proposed; these have
an advantage in that no encapsulation is required. Table 6
lists trends in research on PCM composites, together with
the thermophysical properties and production methods of
the proposed materials.47,93–109) The reported methods for
the production of PCM composites can be classified into
four types: (1) impregnation/infiltration (with/without vac-
uum process), (2) dispersion or kneading, (3) compression,
and (4) electro-spinning.

The impregnation of PCM with porous materials is the
most popular method for producing PCM composites. By
using the composites repeatedly, the leakage of the liquid
PCM from a porous structure was successfully prevented
due to the capillary and surface tension forces. This method
can be used to easily produce LES mediums with large
thermal conductivity and large density of heat storage by
selecting porous materials with large thermal conductivity

and large porosity, such as porous graphite materials93,94)

and various porous metals.95–97) For applications in building
materials and high-temperature processes, porous ceramics
such as expanded perlite98,99) and vermiculite100) have also
been reported.

Dispersion and kneading methods are relatively easy as
well. Added materials such as graphite powders are me-
chanically dispersed within the molten PCM or mixed with
solid PCM powders at room temperature and then
melted.101–104) To prepare organic PCM composites such as
paraffin, the twin-screw extruder technique was ap-
plied.105,106)

The cold compression method is also very simple. In this
method, PCM and added powders are first mixed and then
compressed at room temperature. Pincemin et al.47) pre-
pared composites made of graphite and eutectic mixtures of
NaNO3/KNO3 for solar thermal power plants. In this sys-
tem, infiltration, compounding (dispersion), and cold com-
pression were carried out. They concluded that the cold-
compressed composite exhibited highly anisotropic proper-
ties and a strong improvement in thermal conductivity.

The electrospinning method is a nano- and micro-fiber
manufacturing technique.107) Chen et al.108,109) prepared
foam-stable PCMs of ultrafine fibers. This is noteworthy as
a new method from the viewpoint of nanostructures. 

4.4. Solar Power Generation System

Recently, solar power generation systems, which use
solar energy to generate electric power, have attracted atten-
tion worldwide. A system called “Sunbelt” that was built in
semiarid desert areas has been found to be quite economi-
cal. It can now be applied to a large-scale energy system.110)

We have found that the LHS system can be applied to a
solar power generation system. Table 7 lists trends in recent
research on the LHS system for a solar power generation
system.43–49) The DISTOR project is partly funded from the
EC Sixth Framework Program with 13 partners from five
countries. The aim of this project is to develop the PCM-
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Table 5. Examples of proposed SSPCMs, together with constituent materials and their solid–solid phase-change temperatures and la-
tent heat.86–92)



storage systems for steam generation at pressures between
30 bars and 100 bars corresponding to saturation tempera-
tures between 235°C and 310°C. The storage system should
have the extension of charging/discharging cycles over sev-
eral hours.48) Figure 5(a) shows the basic concept of the in-
tegration of thermal energy storage and solar thermal para-
bolic trough power plants using direct steam generation
(DSG) technology. Here, the thermal storage block was
filled with PCM. Thermal energy from the sun was col-
lected by a solar field via the melting of PCM and it was
then used to produce steam to generate electric power.

Morisson et al.44) practically evaluated the DSG technology
with an LHS system for electricity generation. To improve
the low thermal conductivity of PCM, Pincemin et al.47,49)

studied the possibility of using composites made of
graphite and eutectic mixtures of NaNO3/KNO3. These
were prepared by three different methods—impregnation,
dispersion, and cold compression—using different graphite
powders. These researches were carried out as part of the
DISTOR project.

On the contrary, Hoshi et al.43) investigated the suitability
of a PCM with a high melting point of 200–1000°C. The
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Table 6. Recent research direction of PCM composites together with their thermophysical properties and production methods.93–100)



results indicated that molten salts such as Na2CO3 and
NaNO2 and some metals such as Zn were the most promis-
ing.

Guo et al.45) reported numerical simulations and para-
metric analysis of DSG with PCM and radially distributed
aluminum foils for heat transfer enhancement, and they re-
vealed that the added aluminum foils were effective for effi-
cient heat transfer.

4.5. Recovery of Waste Heat

PCM stores or releases thermal energy at a constant tem-
perature during phase change, in which periodically emitted
thermal energy such as waste heat can be changed into a
constant-temperature heat source. Most PCM systems are
usually located in the same place without transport; how-
ever, a transportation system for PCM using industrial
waste heat over a long distance has been industrialized for
everyday use.

Table 8 summarizes the trends in research on the recov-
ery of waste heat using PCM.50–56) A waste heat transporta-
tion system using PCM has been proposed recently, in
which a mobile latent heat accumulator recovers industrial
waste heat and distributes it over wide areas from the heat
source. Industrial waste heat was compactly stored in the
form of latent heat by melting the PCMs, and it was then
transported to office buildings, hospitals, hotels, etc.53–55)

Kaizawa et al.53–55) systematically studied a waste heat
transportation system called the Trans-Heat (TH) system.
Figure 6 shows schematic diagrams of the TH system and
heat transportation container with direct-contact heat ex-
changer: the direct-contact heat exchanger was suitable for
transportation from the viewpoint of light weight, large
thermal storage density, and high heat exchange rate. First,
they revealed that sodium acetate tri-hydrate (Tm.p.: 58°C)
and erythritol (Tm.p.: 118°C) can be used as PCMs for the
system56); in particular, when using erythritol as a PCM, hot
water over 90°C was generated to run an adsorption chiller,
and finally, cold water was supplied for air-conditioning.
Second, they performed experiments of heat storage and re-
lease using erythritol to observe the heat and fluid flows
within a heat transportation container by bench-scale exper-
iments.55) Third, they evaluated the proposed system from
the viewpoint of energy requirements, exergy loss, and CO2

emissions. Those in the proposed system were less than
20% of the conventional system based on the combustion
of fossil fuels.54)

Takahashi and Higashi53) studied a waste heat transporta-
tion system using a PCM storage cassette, and discussed
the use of erythritol as a heat medium in a lab-scale reactor.
In their experiments, a storage cassette was charged with
400 kg of erythritol and the heat transportation system
using the PCM was investigated. Heat transportation sys-
tems have been practically applied in Japan.110)

In contrast, Hauer and Storch111) and Martin and Setter-
wall112) noted that PCM-based transportation systems are
too expensive as compared to other heat supplying systems
such as heat transportation systems using hot water or zeo-
lite.

Maruoka et al. proposed a system for recovering waste
heat at high temperatures over 1 000°C, such as convertor
offgas (LDG), in which spherical PCM capsules were used.

ISIJ International, Vol. 50 (2010), No. 9

1236© 2010 ISIJ

Fig. 5. (a) Basic concept for integration of thermal energy stor-
age into solar thermal parabolic trough power plants
using DSG technology. (b) Configuration of a single stor-
age block (reprinted from ref. 44 with permission from
Elsevier). DSG; direct steam generation, EG; expanded
graphite.

Table 7. Recent research direction of studies on solar power generation systems with LHS.43–49)



A copper ball was easily encapsulated by nickel. Figure 7
shows a schematic diagram of this system.52) In this system,
intermittent waste gas was stored by the PCM, and then, the
stored heat was supplied to coke oven gas (COG) to induce
an endothermic reaction of methane steam reforming to
produce methanol. They also proposed that the stored heat
was supplied for the reforming reaction from methane to
hydrogen.

Although some studies of LHS system using high-tem-
perature PCM were proposed, practical application of LHS
for recovery of waste heat were still limited to low tempera-
ture range (under 200°C such as TH system). Regarding to
235–310°C in temperature, a power generation system like
solar power plant has the potential to be applied to the re-

covery of industrial waste heat. On the contrary, we have
still a large amount of high-temperature waste heat over
300°C with larger exergy, which should be recovered. For
doing that, the following technologies should be developed.

First, several promising PCMs for high temperature ap-
plication has been proposed, however, papers has been
rarely reported on the strength of the container, the heat
transfer tube, and so on against cyclic use from corrosion.
Such information is a must for the practical use.

Second, heat transfer at LHS system for industrial use
should be more accelerated because batch-wise operating
time is short, in comparison to application using solar en-
ergy. Remember that molten salts as PCM for high temper-
ature application have low thermal conductivity in general.
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Fig. 6. (a) Schematic diagrams of waste heat transportation system and container truck for heat storage or release. (b)
Trans-heat container.55)

Table 8. Recent research direction of studies on recovery of waste heat using PCM.50–56)



For enhancing heat exchange rate, cost-effective fabrication
of PCM composites and PCM capsules having high thermal
conductivity is strongly required. Moreover, micro-encap-
sulated PCMs with melting point of high-temperature is at-
tractive from not only rapid heat exchange due to increase
of heat transfer area but also heat transportation medium.
Although these have already studied for low temperature
PCM, above mentioned, have been rarely reported on high
temperature one.

Third, note that high temperature waste heat in one in-
dustry can proceed to chemical reactions in other indus-
tries. In this case, PCM should be designed as catalyst in
addition to heat storage material. This technology which
proposed and studied by Maruoka et al.50,52) should be stud-
ied more deeply.

Based on the technologies abovementioned, LHS tech-
nologies extend from low temperature application to high
temperature one, gradually.

5. Conclusions

LHS technologies reported in papers published from
2001–2009 were reviewed. First, a comparative analysis be-
tween LHS and SHS, and the required conditions for and
classification of PCM were presented. Then, the trend in re-
cent LHS technologies was discussed, and finally, recent ad-
vancements in LHS technology were summarized from the
viewpoints of PCM capsules, solid–solid PCMs, PCM
composites, solar power generation systems, and waste heat
recovery. We hope that this review of recent LHS technolo-
gies will pave the way for promoting the efficient use of en-
ergy in high-temperature industries such as the steelmaking
industry.

Nomenclature

m : Mass (g)
Cp : Specific heat (J/g K)

Cp,s : Specific heat of solid PCM (J/g K)
Cp,l : Specific heat of liquid PCM (J/g K)

T : Temperature (K)
Tm : Melting point (K)
Ti : Initial temperature (K)
Te : Final temperature (K)
L : Latent heat (J/g)
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