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a b s t r a c t

Solid-solid phase change materials (SS-PCMs) for thermal energy storage have received increasing inter-
est because of their high energy-storage density and inherent advantages over solid-liquid counterparts
(e.g., leakage free, no need for encapsulation, less phase segregation and smaller volume variation). Four
main SS-PCMs for thermal energy storage are reviewed, with a focus on their thermal properties and the
relationship between molecular structure, processes involved during phase transition, and thermal prop-
erties. This review aims to provide guidance for selecting appropriate SS-PCMs for various applications
and tailoring the synthesis of SS-PCMs with desired thermal, physical and mechanical properties.
Challenges and opportunities to use of SS-PCMs for thermal storage and other applications are also
discussed.
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1. Introduction

Thermal Energy Storage (TES) has been a key technology in
energy systems for conserving energy and increasing energy effi-
ciency by addressing the discrepancy between energy supply and
demand. TES involves storage of high- or low-temperature thermal
energy in the form of sensible heat, latent heat, or through thermo-
chemical reactions or processes. An overview of major strategies
for thermal energy storage is shown in Fig. 1. Sensible heat storage
is based on storing thermal energy by heating or cooling a liquid or
solid medium (e.g. water, sand, molten salts, rocks), with water
being the most widely used because of its relatively high heat
capacity, low cost, and being benign [1]. Sensible heat storage sys-
tems are relatively inexpensive compared to other forms of TES
and are applicable to domestic systems, district heating, and indus-
trial needs. However, in general sensible heat storage requires
large volumes because of its low energy density (i.e. three or five
times lower than that of latent and thermochemical energy storage
systems, respectively) [2]. Furthermore, sensible heat storage sys-
tems require proper design to discharge thermal energy at con-
stant temperatures.

Phase Change Materials (PCMs) have been receiving consider-
able attention for various thermal energy storage applications.
PCMs provide much higher thermal energy storage density than
sensible thermal storage materials, thus they have been widely
used in various fields such as solar energy utilization [3], waste
heat recovery [4], building air conditioning [5], electric energy-
storage [6], temperature-control of greenhouses [7–9], telecom-
munications and microprocessor equipment [10], kitchen utensils
[11], insulating clothing and textiles for thermal comfort applica-
tions [12], biomedical and biological-carrying systems [13], and
food transport and storage containers [14].
Fig. 1. Overview of thermal energy storage (TES) ma
Latent heat storage is based on the heat absorption or release
when a storage material undergoes a phase change from solid to
liquid, liquid to gas, solid to gas, or solid to gas, and vice versa.
The most commonly used latent heat storage systems undergo
solid-liquid phase transitions due to large heat storage density
and small volume change between phases. These types of materials
are often classified as inorganics, organics, and eutectic phase
change materials, which have been covered in a few review papers
and thus are briefly discussed herein [4,10,14–17].

Solid-liquid phase change materials (SL-PCMs) change their
internal molecular arrangement from an ordered crystalline struc-
ture to a disordered amorphous one when temperature exceeds a
critical threshold (i.e., the phase transition temperature). An
increase in vibrational energy breaks the supramolecular bonds
between individual molecules, causing the crystalline arrangement
to become a randomly oriented liquid state (Fig. 2). In reverse,
when temperatures fall below the phase transition temperature,
a nucleation process starts whereby molecules re-arrange into a
crystalline lattice. The shape and number of crystals that form dur-
ing crystallization depends on many factors, such as cooling-rate,
type of molecules, and the presence of impurities that can serve
as nucleating agents. These phase changes are accompanied by a
volume change, with volume typically increasing when the mate-
rial becomes liquid. Solid-liquid PCMs commonly used for thermal
energy storage include organic PCMs (paraffins) and Inorganic
PCMs (salt hydrates), or various mixtures thereof (eutectics). Vari-
ous strategies are often used to enhance the performance of SL-
PCMs for thermal storage applications by addressing their inherent
drawbacks. For example, the phase transition temperature of
paraffin can be tailored by changing the length of the carbohydrate
chain; and various additives with high thermal conductivity (e.g.,
aluminum powder, graphite, metal foams) were used to enhance
terials, solid-solid PCMs are highlighted in bold.



Fig. 2. Schematic representation of SL-PCM phase change processes for (a) salt-hydrate type system going from an ordered crystalline phase to a disordered non-crystalline
phase, and (b) paraffin type system going from a lamellar crystal phase to a random disordered phase.
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thermal response of SL-PCMs, many of which have low thermal
conductivity that is the main barrier to many TES applications
[18]. Some other practical challenges of using SL-PCMs include
the need for containment or encapsulation when in liquid state
to avoid leakage, the occurrence of phase segregation in mixed sys-
tems when going through multiple phase change cycles, material
degradation, and hysteresis occurring between cooling and heating
cycles.

Solid-solid phase change materials (SS-PCMs) absorb and
release heat by reversible phase transitions between a (solid) crys-
talline or semi-crystalline phase, and another (solid) amorphous,
semi-crystalline, or crystalline phase. Different from solid-liquid-
PCMs, solid-solid-PCMs retain their bulk solid properties within
certain temperature ranges and are therefore also referred to as
‘‘solid-state” PCMs [19]. The terminology of form-stable PCM
(FS-PCM) or shape stabilized PCM typically refers to SL-PCMs
embedded in an organic or inorganic matrix with higher melting
temperature. The matrix in such FS-PCMs acts as a sponge for a
SL-PCM, preventing it from flowing freely above its melting tem-
perature [20]. Some authors also discuss SS-PCMs under the cate-
gory of FS-PCMs in cases where the embedded PCM is a SS-PCM.
Form-stable PCMs have been the subject of several review papers
[18] and will not be covered in this review. This review focuses
on the thermal properties of SS-PCMs that rely on solid state phase
transitions. Since the fundamental phase transition mechanisms in
SS-PCMs show similarities to those observed in SL-PCMs, the
optimization strategies pursued in SL-PCMs are therefore also
applicable to SS-PCMs.

SS-PCMs are of great practical interest for use in thermal energy
storage applications as they avoid the leakage problems typically
observed in SL-PCMs. This feature allows them to be blended with
other materials without a need for encapsulation, for example for
thermal energy storage in construction materials such as concrete
or gypsum [21–24]. SS-PCMs typically also experience less phase-
segregation and smaller volume change as their soft segments are
immobilized [25,26]. This feature extends their durability by pre-
venting degradation upon thermal cycling, which is important for
applications that require long term performance (i.e. buildings).
SS-PCMs have received increasing attention for thermal energy
storage in different fields because of the above advantages over SL-
PCMs. Depending on chemistry and molecular structures, different
types of SS-PCMs exhibit different phase transitions and can result
in a wide range of enthalpy, transition temperature, and thermal
conductivity values. While many review papers are available on
solid-liquid PCMs, to the best of our knowledge, there are no
reviews of solid-solid PCMs in the literature to date. This literature
review summarizes the main SS-PCMs and is intended to provide
timely guidance for selecting appropriate SS-PCMs for various
applications and tailoring the synthesis of SS-PCMs with desired
thermal properties. This review focuses on thermal properties of
four major SS-PCMs and assesses the relationship between molec-
ular structure, processes involved during phase transition, and
thermal properties. This review is outlined as follows: The different
approaches for obtaining SS-PCMs are reviewed in Section 2. The
general trends in thermal properties of the different types of SS-
PCMs are briefly discussed in Section 3. Thermal properties, includ-
ing enthalpy, transition temperature, and thermal conductivity,
and their dependence on molecular structure are reviewed and
assessed in Section 4 for each of the different types of SS-PCMs.
Efforts were made to identify quantitative or qualitative relation-
ships between thermal, physical, and chemical properties of
SS-PCMs. Challenges and barriers of more widespread use of
SS-PCMs for thermal storage in various fields are discussed in
Section 5.
2. Approaches for obtaining SS-PCMs

There are currently two main approaches taken to obtain SS-

PCMs. In the first approach, the arrangement of relatively small
molecules changes from one crystalline phase to another when
absorbing or releasing heat [27]. These SS-PCMs materials are also
referred to as ‘‘plastic crystal” solid-state PCMs, eluding to the solid
state plastic deformation of their crystalline structures [28]. This
approach includes the polyalcohol organic compounds (and mix-
tures thereof) that have tetrahedral coordination and whose phase
transition, for example, involves a change from layered or



Fig. 3. Schematic representation of Polyalcohol type SS-PCMs with crystalline structure changing from (a) sheet like tetrahedral sheet configuration to (b) face centered cubic
to (c) disordered amorphous structure (adopted from Ref. [27]).

Fig. 4. Schematic representation of Polymeric Graft SS-PCMs and their phase transition.

Fig. 5. Schematic representation of semi-crystalline SS-PCM.
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chain-like internal tetrahedral arrangements at low temperature to
a more disordered cubic crystalline arrangement at elevated tem-
peratures [27–30]. When temperature continues to increase these
systems eventually become liquid as all their supramolecular
bonds break, see Fig. 3. The mechanisms underlying the phase
transition of polyalcohol SS-PCMs resemble those of inorganic
salt-hydrate SL-PCMs in that they entail a change in the crystalline
arrangements of relatively small molecules. Solid-solid polyalcohol
SS-PCMs differ however from SL-PCMs in their ability to undergo at
least one crystalline-crystalline (solid-solid) phase change before
becoming liquid. Different poly-alcohols can also be mixed, for
example, to tune the phase transition temperature [31].

Another example of this approach includes the inorganic SS-
PCMs that absorb and release thermal energy due to
magnetically-induced transformations, crystalline phase transfor-
mations, or order–disorder transitions. For example, the phase
change between ferrite and austenite of Fe encompasses a solid-
solid phase change. Such transformations can also be tailored
towards thermal energy storage applications, for example by
developing Fe-Co binary systems [32]. More details about thermal
properties of poly-alcohol and inorganic SS-PCMs are provided in
Sections 4.2 and 4.4, respectively.

In the second approach, crystallizable moieties are incorporated
through chemical bonding into a secondary structure that prevents
them to flow freely when they are in their liquid non-crystalline
state. Examples of this approach include polymeric SS-PCMs [33]
and the perovskites [34]. In polymeric SS-PCMs, the phase change
component is structurally incorporated into the macromolecular
backbone via side-chain grafting [35–40], block-polymerization
[41,63], hyper-branching [42], or crosslinking copolymerization



Fig. 6. Schematic representation of a Perovskite type SS-PCM (adopted from Ref. [59]).

Fig. 7. Enthalpy and temperature ranges for SL-PCMs and SS-PCMs; L-PCMs: (1)
Water-salt solutions; (2) Water; (3) Clathrates; (4) Paraffins; (5) Salt hydrates; (6)
Sugar alcohols; (7) Nitrates; (8) Hydroxides; (9) Chlorides; (10) Carbonates; (11)
Fluorides; (12) Polymeric; SS-PCMS: (12) Polymeric; (13) Organics (Polyols); (14)
Organometallics; (15) Inorganics (Metallics).
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with non-crystallizable motifs [20,36,43–48]. In one type of poly-
meric SS-PCMs, for example, linear chains, such as poly-(ethylene
glycol) (PEG) or poly-(ethylene oxide) (PEO) serve as the ‘‘soft seg-
ment” and are grafted onto a polymeric backbone acting as the
‘‘hard segment” [49–53]. When the temperature reaches the melt-
ing point of the soft segment, the material absorbs heat through a
latent heat mechanism while undergoing a first order phase tran-
sition. The mobility of these soft segments is restricted however
as they remain attached to their polymeric backbone, which allows
the system to remain solid overall. The transition temperature of
these SS-PCMs can be tailored, for example, by adjusting the chain
length of the soft segments or the rigidity of the polymeric back-
bone, see Fig. 4 [33].

Many linear polymers undergo reversible liquid-solid phase
transitions upon cooling from their molten amorphous state. Dur-
ing the crystallization process, depending on the cooling rate, the
flexible polymeric chains align into crystalline lamellar plates that
nucleate into semi-crystalline spherulites (Fig. 5) [54]. Such an
approach can also used to derive SS-PCMs whereby a ‘‘soft” poly-
mer segment is connected by a ‘‘hard” polymer segment through
block co-polymerization [41]. When the soft segments liquefy
upon absorbing heat, they are kept together by the hard segments
of the block co-polymer, thus preventing their free flow. Unless
cross-linking is used, the hard segments eventually also melt when
the temperature increases beyond the hard segment melting point.
The ability to store and release heat as well as the phase change
temperatures are controlled by changing the relative length and
chemistry of the soft and hard segments. Many of the tools avail-
able from polymer synthesis, processing, and property optimiza-
tion can also be leveraged towards the design and optimization
of polymeric SS-PCMs, which has already resulted in different ther-
moplastic and cross-linked thermoset materials [46].

Another approach includes perovskites whereby inorganic 2D
crystalline sheets serve as the scaffold onto which crystallizable
soft segments are attached via non-covalent bonds [34,55–60].
When absorbing energy, the soft segments melt and store thermal
energy, however their lateral movement is restricted due to attach-
ment to the inorganic sheet-like scaffold. When cooling from their
molten state the soft segments crystallize and release heat in a
reversible process (Fig. 6). Thermal properties of polymeric SS-
PCMs and those with perovskite structure are reviewed and dis-
cussed in more detail in Sections 4.1 and 4.3, respectively.
3. General trends in thermal properties for different SS-PCM
types

The latent heat storage capacity of PCMs is ultimately linked to
the packing density of molecules within the crystalline system,
while the phase transition temperature is determined by the
strength of the non-covalent bonding between molecules. Fig. 7
depicts the phase transition temperatures and enthalpies of the
major types of SL-PCMs and SS-PCMs. As can be observed, SS-
PCMs generally have lower phase transition enthalpies and/or
undergo phase transitions at lower temperature when compared
to SL-PCMs. The lower enthalpy trend can be explained by the
mobility restrictions imposed within SS-PCMs, which hinders crys-
tallization and therefore limits the packing efficiency. For example,
paraffin based SL-PCMs have higher enthalpy and phase transition
temperatures than polymeric SS-PCMs although both use similar
soft segments that undergo phase transition are present in both
PCMS. High packing density also affects the phase transition tem-
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perature as more molecules are in close proximity, their
supramolecular bonding increases.

Differences in thermal properties also exist among the SS-PCMs.
Fig. 8 depicts the enthalpy and temperature ranges for polymeric,
organic, organometallic, and inorganic SS-PCMs. The phase transi-
tion temperature of organic SS-PCMs falls between 25 and 190 �C
while their enthalpies range from 15 to 270 kJ/kg. This range is
much wider than that observed in polymeric and organometallic
Table 1
Thermal properties for Polymeric SS-PCMs.

PCM Type Melting peak
temperature [�C]

M
en

Polymeric
1. Grafted

SAN-g-PA 29.2–37.5 11
SAN-g-Peg 30.0 66
PVA-g-C18OH 55.1–56.5 41
polystyrene-g-PA 18.7–21.5 26
cellulose-g-PEG 42.8–60.1 77
Cellulose-g-E2C16 28.2–28.6 21
Poly(Styrene-co-Allyalcohol)-g-SA 27–29 34
Polystyrene-g-PEG6000 44.9–58.0 11

2. Blocked
PUPCM 65.28 13

3. Cross linked
b-CD/MDI/PEG 57.6–60.2 92
Sorbitol/Dipentaerythritol/Inositol/PEG 36–59.9 91
PEG/MDI/PE 36 –
Melamine/Formaldehyde/Polyethyl Eneglycols (MFPEG) 49.1–57.7 91
PEG/MDI/PVA 61.1 72

4. Others
PEO-CEL (Physical Blending) 62.5–63.4 40
PEO-CMC (Physical Blending) 58.4–62.5 52
MGPM 55.3 10
poly(polyethylene glycol methyl
ether methacrylates)

(BULCK POLYMERIZATION)

35.8–44.7 99

PD/Phenyl Ethylene

(END GROUPS MODIFICATION)

53.2–57.7 47

Fig. 8. Enthalpy and temperature ranges for SL-PCMs and SS-PCMs; (1) Polymeric,
(2) Organic, (3) Organometallic, and (4) Inorganic SS-PCMs.
SS-PCMs, which have phase transition temperatures between 15
and 65 �C and enthalpies between 10 and 205 kJ/kg. In the case
of organic SS-PCMs, heat is stored and released when relatively
small molecules undergo a crystalline to amorphous transition.
Such small molecules can rearrange quickly to crystallize more
efficiently and can adopt densely packed crystalline structures,
which explains their higher enthalpies and phase transition tem-
peratures. The crystalizing moieties in polymeric SS-PCMs on the
other hand are much larger or exhibit restricted motion due to
their attachment to a polymeric backbone, which limits their crys-
tallization efficiency, slows the crystallization rate and makes the
transition enthalpy more dependent on heating/cooling rate. The
structure of organometallic SS-PCMs is very similar to some of
the graft polymeric SS-PCMs, which explains the similarity in their
thermal properties. Inorganic PCMs, on the other hand, operate at
much higher phase transition temperatures indicating stronger
interactions among their atoms. However, these materials have
low enthalpies indicating that their different crystalline energy
states are very close.

4. Thermal properties of different types of SS-PCMs

Tables 1–4 summarize thermal property information for
approximately 66 different SS-PCM systems reported in the
literature. The information is organized into four major SS-PCMs
material types: polymeric, organic, organometallic, and inorganic
SS-PCMs, based on the difference in their molecular structure. A
discussion follows on the general trends observed for each material
type, and the relationship between molecular structure, processes
involved during phase transition, and thermal properties is
assessed.

4.1. Polymeric SS-PCMs

As outlined in Section 1, attachment or incorporation of a phase
changing motif into a polymeric structure will be accompanied by
elting
thalpy [J/g]

Crystallization peak
temperature [�C]

Crystallization
enthalpy [J/g]

Heating rate
[�C/min]

Reference

.6–23.7 31.3–41.5 11.7–24.4 10 [35]

.8 49.0 68.2 10 [38]
–65 45.3–49.4 40–63 10 [61]
.2–39.8 17.6–18.7 20–39.2 5 [37]
.6–203.2 25.1–40.6 44.7–203.2 10 [50]
–28 12.9–14.9 18–30 10 [52]
–74 25–30 28–71 1 [62]
1.5–179.5 34.4–38.5 99.4–143.6 5 [40]

8.7 38.58 126.2 10 [42]

.3–115.2 43.5–47.8 90.3–11.6 2 [64]

.0–107.5 44.0–45.8 86.1–102.9 2 [65]
68 153 10 [43]

.1–109.4 28.3–36.9 85.3–103.9 10 [36]

.8 34 – 10 [20]

.6–134.7 32.5–39.5 40.2–127.3 10 [49]

.8–140.2 35.3–41.3 5.2–138 10 [49]
8.5 18.3 81.6 10 [66]
.7–132.5 1.4–14.4 94.5–118.6 5 [67]

.2–108.5 1.5–18.3 33.9–81.6 10 [68]



Table 2
Thermal properties for organic SS-PCMs.

PCM Type Melting peak temperature
[�C]

Melting enthalpy
[J/g]

Crystallization peak temperature
[�C]

Crystallization enthalpy
[J/g]

Heating rate
[�C/min]

Reference

Organic (polyalcohol)
PE-TAM
PEAK 1 54–158 61.8–213.1 127.3–188.8 121.7–209.8 5 [69]
PEAK 2 184.6 14.2 188.6 14.3 5

AMPD/TAM [69]
PEAK 1 114.7–122.6 5.1–181.5 19.3–187.1 20–203.8 5
PEAK 2 – – 79.5 71.4 5

NPG/TAM/PE [69]
PEAK 1 25.8 21.0 166.9 29.7 5
PEAK 2 121.1 121.5 175 24.3 5

NPG/TAM/PE/AMPD [69]
PEAK 1 34.7 62.6 117.1 44.8 5
PEAK 2 171.6 14.1 169.6 17.4 5
PEAK 3 178.1 13.1 – – 5

NPG/PE1 [72]
PEAK 1 32.0–37.4 18.8–68.2 25.9–31.3 18.8–51.7 5
PEAK 2 160.3–169.8 83.0–147.7 169.5–172.3 81.4–125.3 5

NPG/TAM [72]
PEAK 1 35.6–38.6 27.1–143.3 22.1–30.0 33.0–150.1 5

PE/PG [73]
PEAK 1 82–187 139.0–270.3 – – –

PG/NPG [73]
PEAK 1 24–89 66.2–139.0 – – –

PE/NPG [73]
PEAK 1 39–187.0 49.9–270.3 – – –

PE [74]
PEAK 1 185.4 339.5 – – –

NPG [74]
PEAK 1 42.4 119.1 – – –

TAM [74]
PEAK 1 132.4 295.6 – – –

NPG/PE [74]
PEAK 1 32.0–37.4 18.8–68.2 – – –
PEAK 2 160.3–169.8 18.8–26.2 – – –

NPG/TAM [74]
PEAK 1 35.6–38.6 27.1–143.3 – – –

PEG [51]
PEAK 1 60.4 148.1 47.6 139.3 –

MDI [51]
PEAK 1 56.7 108.7 46.1 106.7 –

PEG/MDI [51]
PEAK 1 60–61.4 120.5–131.9 45.5–46.3 116.3–121.4 –

1 DSC heating rate: 5 C/min & cooling rate: 18 C/min (below 30 C), 0.5 C/min (below 20 C), and 0.2 C/min (below 10 C).

Table 3
Properties of Organometallic SS-PCMs reported in the literature.

PCM formula Tt (�C) Ht (J/g)a rs (kg/m3) Reference

C10Mn 32.8 70.34 – [26]
C10Cu 33.8–36.9 62.57 – [26]
C12Cu 52.5–63.8 70.15, 147.13b 1111 [26,77]
C12Mn 54.1–56.4 80.8 – [26]
C12Co 60.7–88.0 92.89 – [26]
C14Cu 69.2–79.5 163.99 1186 [76]
C15Cu 72.3–87.8 126.42 1245 [76]
C16Cu 72.8–96.0 79.76 – [26]
C16Mn 73.1–91.0 104.48 – [26]
C10Co 77.7–82 74.28 – [26,78]
C10Zn 80.1–162.8 100.92 – [26]
C12Zn 88.2–156.0 120.23 – [26]
C16Co 93.4–164.1 153.79 – [26,78]
C16Zn 99.1–160.5 137.52 – [26]

a Temperature range represents minimum and maximum temperatures over multiple solid transitions. Ht is the total enthalpy for all the transitions.
b Multiple enthalpy values represent discrepancy in reported heat release data between sources.
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Table 4
Thermal properties for Inorganic SS-PCMs.

PCM Type Melting peak
temperature [�C]

Melting enthalpy
[J/g]

Crystallization peak
temperature [�C]

Crystallization enthalpy
[J/g]

Heating rate
[�C/min]

Reference

Inorganic
FE-15CO 935 49 925 52 10 [32]
FE-20CO 950 49 942 50 10 [32]
FE-30CO 977 51 965 54 10 [32]
FE-40CO 988 53 979 57 10 [32]
FE-10CO-5CR 844 56 803 57 10 [32]
FE-7SI 683 34 685 32 10 [32]
FE-10AL 680 34 682 32 10 [32]

Fig. 9. Melting Enthalpy and melting temperature ranges for polymeric SS-PCMs.
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a decrease in the observed latent heat. This reduction on the
energy absorbed during the phase transition is due to several fac-
tors: (a) dilution of the phase changing moieties within a thermally
inert polymeric matrix, (b) mobility or packing restrictions of the
crystallizing groups due to attachment, (c) strong interaction of
the phase changing moieties with the polymer backbone. The mag-
nitude of the decrease in the observed latent heats depends on the
choice of polymer backbone and phase changing motifs, see Fig. 9
and Table 1. As can be seen from the data in Table 1, covalent
attachment of a phase changing group to a polymer chain broadens
the temperature range where these transitions occur and widens
the latent heats measured for these processes. The increase in
the range of observable temperatures and latent heats for the poly-
meric SS-PCMs, compared to organic SS-PCMs is attributed to the
decrease in rate of crystallization that results from the attachment
of the crystallizing motifs to a high molecular, highly entangled,
polymer backbone. Once the phase-changing moieties are cova-
lently linked to the polymeric chains, the molecular motions
required for efficient phase transition become slower and may
not occur completely within the timescales associated with the
DSC experiments. Furthermore, a fraction of the crystallizing
motifs can become kinetically trapped in a conformation unfavor-
able for the phase transition, thus reducing the observed latent
heats. Covalent attachment of the phase-changing moieties to
polymeric backbones may increase the energy barriers that must
be overcome to achieve the phase transition, resulting in higher
transition temperatures than those for the same crystallizing
motifs prior to their covalent inclusion within a polymeric mate-
rial. Fig. 8 depicts the melting enthalpy and melting temperature
ranges for polymeric SS-PCMs.

In an effort to understand the effect of macromolecular archi-
tecture on the heat storage capacity of the polymeric SS-PCMs, data
were examined from several systems where the phase-changing
moieties were incorporated into the polymers as either main chain
cross-linkers, side-chain grafts or blend components. The observed
latent heats increased as the mass fraction of the phase changing
motif increased, while the specific connectivity to the polymer
backbone (i.e. side-chain grafting, main chain cross-linking or
physical blending) did not have a systematic effect on the resulting
differences. See table 1. The effect of the specific chemical compo-
sition of both the polymer backbone and the active motifs were
examined by comparing the observed latent heats, normalized to
account for differences in mass fraction of the phase changing moi-
eties, as a function of a normalized temperature scale (Tm
observed/Tm pure phase changing motif). See Fig. 10.

Fig. 10 illustrates the data in terms of normalized enthalpy of
melting as a function of normalized transition temperature. In that
scale, values closer to 1 (on both normalized axis) indicate that the
phase changing motifs undergo the thermally-induced transition
as efficiently as they would if they were not attached or mixed
with a thermally inert polymeric structure. Deviations below 1 in
the normalized enthalpy scale indicate that only a fraction of the



Fig. 10. Comparison of polymeric SS-PCMs using normalized enthalpy and
temperature scales. Different symbols correspond to different materials. (1) PEG-
grafted cellulose with PEG M.W. = 1 kg/mol [50], (2) PEG-grafted cellulose with PEG
M.W. = 2 kg/mol [50], (3) PEG-grafted cellulose with PEG M.W. = 5 kg/mol [50], (4)
Cellulose/PEG blend with PEG M.W. = 4 kg/mol [51], (5) Polyethylene glycol
polymethylmethacrylate [67], (6) Crosslinked polyurethane with polyethylene
and polyethylene glycol soft segments [44], (7) Crosslinked melamine-formalde-
hyde copolymer with PEG soft segments [36], (8) Poly(vinyl alcohol)-g-octadecanol
copolymers [60], (9) Crosslinked polyurethane with b-cyclodextrin as hard
segments and PEG as soft segments [64]. (10) Hexadecane-oxy-diethyleneglycol-
grafted cellulose [52], (11) Poly(styrene-g-acrylonitrile)-g-polyethylene glycol
copolymers [38].
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available phase-changing moieties undergo the phase transition.
Deviations below 1 in the normalized temperature scale indicate
that the resulting crystalline phases exhibited weaker intermolec-
ular interactions compared to the pure phase-changing compo-
nent. In a few cases, deviations above 1 in the normalized
temperature scale were also observed, these are attributed to
slower phase transition kinetics in the SS-PCM compared to the
pure phase-changing motifs. Longer melting or crystallization
times result in an increase in the observed on-set temperature
for these phase transitions.

Data from Fig. 10 also indicates that the use of ethylene oxide-
based phase changing motifs produces SS-PCMs exhibiting higher
latent heats of transition than the use of fully aliphatic crystallizing
groups. A number of different backbones have been explored, with
cellulose, polyacrylate, polyvinyl alcohol and polyurethane as the
most common choices as polymeric matrices. The best heat storage
efficiencies were observed in structures where the phase changing
motif was grafted to a polyacrylate or a cellulose polymeric back-
bone. Different architectures where the polyethylene glycol phase
changing motif was used as a ‘‘soft block” polyurethanes or as a
cross-linked for a melamine formaldehyde resin showed similar
heat storage efficiencies.

One key feature of these materials that is not captured in Fig. 10
is the absolute observed value for the heat absorbed during the
melting transition. Ultimately this is the parameter that will deter-
mine whether a specific material is suitable as a SS-PCM for a tar-
get application. The absolute DH values are summarized in table 1.
In the majority of the examples where the phase changing motif
was covalently attached to the polymer backbone, part of the
losses in heat storage efficiency (10–30%) were caused by the
changes in the chemical structure that were required to produce
the chemical linkage between the polymer backbone and the crys-
tallizing motifs. Additional losses in efficiency ranging from 10% to
80% were measured after incorporation of the phase changing moi-
eties into the polymer backbone. In general the best results were
obtained when the linker between the crystallizing motif and the
polymer backbone is flexible and no longer than 8 atoms. Use of
aromatic linkers resulted in higher losses of heat storage efficiency,
as did the use of hydrogen-bonding groups or strong dipoles. When
using a polymeric phase changing motif, there is a compromise
between accessing the highest heat of melting possible, while
keeping the melt viscosity within acceptable ranges to allow the
phase transition to occur to the maximum extent possible upon
cooling. Diminishing returns are obtained once the molecular
weight of the phase changing motif increases past 2 kg/mol when
used as a grafted side chain or 6 kg/mol when the crystallizing
motif is used as a cross-linker.

From a materials design perspective, the use of polymeric struc-
tures as a form stabilizing matrix and as mechanical support is
definitively attractive. However, the observed decreases in the
resulting phase change latent heats, compared to those for the
unthetered phase-changing moiety suggest that direct covalent
attachment of the phase changing motif to the polymeric backbone
may not be the best course or action. Covalent bonding of the
groups undergoing the phase transition to a polymeric backbone
restricts their conformational freedom and negatively affects the
ability of these groups to efficiently undergo the molecular rear-
rangements required for efficient phase transitions. Better results
have been observed when blending a polymeric matrix with a
phase changing organic molecule, though consistent characteriza-
tion of the potential de-mixing of the polymer and the phase
changing compound upon cycling was not always available [18].
Nonetheless the blending approach remains promising if the mix-
tures can be stabilized via a systematic tuning of the polymer-
small molecule supramolecular interactions.

4.2. Organic SS-PCMs

Organic molecules capable of reorganizing their supramolecular
interactions, typically hydrogen bonds, as a function of tempera-
ture, can potentially undergo highly endothermic solid-solid phase
transitions. These highly symmetric and bulky alcohols, such as
pentaerythritol (PE), neopentylglycol (NPG), trimethylol propane
(TMP), and pentaglycerine (PG) have been reviewed extensively
and we refer you to those works for specific details, see Fig. 11
and Table 2 [17,30,69].

The pure compounds exhibit relatively high latent heats for
their solid-solid phase transitions (above 100 J/g), at temperatures
ranging from 40 �C to 190 �C. The transition temperatures can be
tuned by producing eutectic mixtures of two of these compounds,
in general lowering both the transition temperature and the phase-
change latent heats. Fig. 12 illustrates the data in terms of normal-
ized enthalpy of melting as a function of normalized transition
temperature. In that scale, values closer to 1 (on both normalized
axis) indicate that the phase changing motifs undergo the
thermally-induced transition as efficiently as they would if they
were not mixed with a second compound to form a eutectic. Devi-
ations below 1 in the enthalpy scale indicate that the phase transi-
tion occurred incompletely, while deviations below 1 in the
temperature scale indicate that the resulting crystalline phases
exhibited weaker intermolecular interactions compared to the
pure phase-changing component. Attempts to improve the latent
heat of these materials by adding inorganic salts, such as magne-
sium chloride or sodium sulfate have also been reported. The addi-
tion of these salts can in some cases increase the latent heat but
results in a solid-liquid transition instead of a solid-solid transition
[70]. An interesting alternative is the use of symmetric dialkylam-
monium salts with both organic and inorganic counterions, see
Fig. 13. These compounds exhibit solid-solid phase change latent



Fig. 11. Polyols SS-PCMs.

Fig. 12. Organic SS-PCMs using normalized enthalpy and temperature scales (Note:
The first number in the brackets is the reference number and the second is the
variation of the PCM in the formula or % weight of components).

Fig. 13. Organic dialkylammonium-based SS-PCMs.

Fig. 14. Summary of enthalpy vs. transition temperature of organometallic SS-
PCMs (Perovskites) reported in the literature (Note: The first number in the
brackets is the reference number and the second is the variation of the PCM in the
formula or % weight of components. The number behind the bracket is the melting
peak number).
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heats ranging from 102 J/g to 185 J/g, and transition temperatures
ranging from 10 �C to 98 �C [71] .This behavior makes them partic-
ularly attractive for a wide range of heat storage applications, and
warrants follow up work to characterize the long term stability and
cyclability.

4.3. Organometallic SS-PCMs

Organometallic SS-PCM are a group of layer perovskite organo-
metallics, which are composed of alternate inorganic and organic
layers and have a sandwich-like crystalline structure. As illustrated
in Fig. 6, the phase transition of organometallic SS-PCM only
involves the alkyl chains (i.e., the organic region or soft segments)
while the inorganic layers remain structurally unchanged since
they are thermally inert [75]. When absorbing energy, the long
alkyl chains melt and undergo a phase transition from an ordered
formation, mainly in a planar zigzag arrangement (i.e., crystalline
form), to disordered state (i.e., amorphous form). The hydrocarbon
regions are in a liquid-like state at high temperature but their lat-
eral movement is restricted by the attachment to the inorganic
sheet-like scaffold, and thus the whole organometallic SS-PCMs
remain in a solid form.

Organometallic SS-PCM can be described with a general chem-
ical formula (n-CnH2n+1NH3)2MX4, where M is a metal atom, X is a
halogen, and n varies from 8 to 18.. The organic region consists of
long paraffinic chains of n-alkylammonium groups, which are
attached to the thin inorganic layer through ionic bonds (see
Fig. 6). A series of organometallic SS-PCMs have been synthesized
and characterized for X = Cl, shown in Table 3 [26,76,77], with their
solid-solid transition temperature between 19.3 and 94.1 �C and
enthalpy in the range of 62.6–153.8 J/g (see Fig. 14).

The thermal properties of binary mixtures of Co- and Zn-based
organometallic SS-PCMs were also investigated. These binary mix-
tures exhibit behavior similar to the aforementioned polyalcohol
blends, with the enthalpy between 74 and 115 J/g during solid-
state transformations at temperatures between 70 and 105 �C for
a C10–C16 blend [78]. Multiple, discrete solid–solid phase transi-
tions were observed for many of the organometallic SS-PCMs over
the ranges shown in Table 3, with the listed latent heat being the
sum over those transitions.

The observed transition temperature and enthalpy change asso-
ciated with the phase transition (latent heat) of organometallic SS-
PCMs depend on the length of their alkyl chains, increasing with
the number of carbon atoms in the chains, which also depends
on the particular metal and halogen present in the inorganic
region. Since the inorganic compounds do not undergo phase tran-
sition and remain thermally ‘inert’, they contribute only to the
weight of organometallic SS-PCMs but not to their latent heat. Con-
sequently, the enthalpies of the organometallic compounds per



Fig. 15. Examples of melting enthalpy for several inorganic SS-PCMs.
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unit mass are slightly lower than those for melting of the normal
paraffin’s. On the other hand, the thermal conductivity of
organometallic SS-PCMs is higher than n-paraffin by an order of
magnitude because of high thermal conductivity of the metals in
the inorganic region, although no experimental results have been
reported in the literature yet. However, the relatively high densi-
ties of organometallic SS-PCMs make them less suitable for weight
sensitive applications.

Physical and chemical stability of organometallic SS-PCMs was
also examined since they must be able to undergo many repetitive
thermal cycles in practical thermal energy storage applications.
Their solid-solid transition was found to be totally reversible after
1000 thermal cycles, with a volume change in the order of 5–10%
during the transitions. These organometallic compounds are also
chemically stable at moderately high temperatures and exhibit
slow decomposition at temperatures above 500 K in presence of
air.
Table 5
Summary of reported thermal conductivity of various SS-PCMs and SL-PCMs.

PCM types K (W/m/K) Reference No.

Polymeric SS-PCMs 0.10–0.20 [37,39,40]
Fatty acid SL-PCMs 0.15–0.17 [14]
Organic SL-PCMs 0.17–0.36 [14]
Organometallic SS-PCMs �2 [18]
Inorganic SL-PCMs 0.32–5 [14]
4.4. Inorganic SS-PCMs

Inorganic SS-PCMs are able to store/release thermal energy in
solid phase using one or combination of energy storage mecha-
nisms including magnetic transformations, crystallographic struc-
ture transformations, order– disorder transformations,
transformations between amorphous structure and crystal struc-
ture. In general, the amount of latent heat of inorganic SS-PCMs
are smaller compared to other types of solid-solid PCMs reviewed
in this paper.

Each single solid–solid transformation mechanisms exhibits a
small amount of latent heat. Therefore, several solid–solid trans-
formations should occur simultaneously to obtain large latent
heats or heat storage/discharge at a specific temperature [32].
There are a limited number of materials able to undergo multiple
and reversible solid–solid transformations at close temperatures.
Transformations between amorphous structure and crystal struc-
ture are not reversible transformations as solid–solid
transformations.

In the solid–solid transformations, crystallographic structure
transformations and magnetic transformations have relatively
large amount of latent heat. There are various metals showing
crystallographic structure transformation; however, typical metals
exhibiting magnetically-induced phase changes are limited to Fe,
Co and Ni. The temperature of crystallographic structure transfor-
mation between ferrite and austenite of Fe and that of magnetic
transformation of Fe are very close. These transformation temper-
atures can be controlled by the Co concentration in Fe–Co binary
system [32]. Fig. 15 shows melting enthalpy of several inorganic
SS-PCMs.

One of the applications of inorganic SS-PCMs is in industrial
plants for heat recovery of the intermittently emitted high temper-
ature waste heat. In this application, inorganic SS-PCMs utilizes
one or two solid–solid transformations at high temperatures to
store and later release of thermal energy in solid phase.

5. Challenges and opportunities

SS-PCMs are promising materials that have many useful attri-
butes for heat storage applications, current literature reports have
focused primarily on their basic thermal characterization. How-
ever, adoption of SS-PCMs in specific engineering applications
requires more detailed characterization to fully understand their
potential and limitations. Challenges and opportunities associated
with the use of SS-PCMs for thermal energy storage and other
applications are discussed in the following sections.

5.1. Thermal conductivity

Similar to their solid-liquid counterparts, SS-PCMs also exhibit
relatively low thermal conductivity, especially the organic and
polymeric types. Thermal conductivity of SS-PCMs plays an impor-
tant role in thermal energy storage as it largely affects the charging
and discharging rates. However, compared to other thermal prop-
erties (e.g., phase transition enthalpy, phase transition tempera-
ture, etc.), thermal conductivity of SS-PCMs has received much
less attention. Whitman et al. [79] measured temperature-
dependent thermal conductivity of Di-n-hexylammonium bromide
((n-C6H13)2NH2Br) from �25 to 75 �C, which varied from 0.12 to
0.17 W/m/K and is discontinuous in the region of the phase transi-
tion temperature. Sari et al. [37] determined thermal conductivity
of polystyrene-graft-palmitic acid (PA) copolymer SS-PCMs at
room temperature based on the transient line heat source method.



Table 6
Summary of relative ratings of pros and cons for different types of SS-PCMs.

Property Polymeric Organic Organometallic Inorganic

Transition temp. (�C) 11–65 25–190 32–160 680–988
Enthalpy (J/g) 10–205 15–270 62–154 34–56
Thermal conductivity + + +++ ++++
Phase change kinetics + + +++ +++
Phase separation ++++ ++ +++ ++++
Chemical & thermal stability +++ +++ +++ ++++
Volume change ++ ++ ++++ ++++
Non-toxicity +++ + ++++ ++++
Fire resistance + + ++ ++++
Ease of production +++ +++ + ++++

+ Poor, ++ Fair, +++ Good, ++++ Excellent.
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The measured thermal conductivities of the synthesized SS-PCMs
depends on the mole percentage of PA, which are 0.13, 0.18, and
0.20 W/m/K for poly(S-PA-S) with 25%, 50%, and 75% PA, respec-
tively. Sari et al. [39] and Sari et al. [40] reported thermal
conductivity of polystyrene-graft-poly(ethylene glycol) and poly
(styrene-co-allyalcohol)-graft-stearic acid SS-PCMs, ranging from
0.10 to 0.13 W/m/K and 0.12 to 0.15 W/m/K for polystyrene-
graft-poly(ethylene glycol) and poly(styrene-co-allyalcohol)-graf
t-stearic acid based SS-PCMs, respectively. In the case of these
polymeric materials, their thermal conductivity also depended on
the mass concentration of their respective soft segments (i.e., the
side chains that undergo phase transition, i.e. polyethylene glycol
and stearic acid, respectively). The polymeric SS-PCMs exhibited
thermal conductivities comparable to their SL-PCM organic ana-
logs, such as fatty acids, organic polyglycols and paraffins, but
lower than those measured for the inorganic SL-PCMs, this was
attributed to the similarities in molecular structure of the SS poly-
meric, and SL organic PCMs. Thermal conductivity of SS-PCMs
reported in the literature is summarized in Table 5 which also
includes typical thermal conductivity values for SL-PCMs com-
monly used for thermal energy storage [14]. The relative ratings
of the thermal conductivity of the different SS-PCMs are presented
in Table 6.

Enhancement of the thermal conductivity in SS-PCMs has been
attempted using techniques like those used in SL-PCMs, such as the
addition of thermal conductivity enhancing materials (e.g., carbon-
based nano-materials, expanded graphite, copper, and other metal
particles). Li et al. [50] added expanded graphite (EG) at different
mass concentration in order to enhance thermal conductivity of
cellulose graft poly(ethylene glycol) (cellulose-graft-PEG) copoly-
mer SS-PCMs. The authors reported that thermal conductivity of
the copolymer SS-PCMs increased linearly with the increase in
the mass fraction of EG, ranging from 0.21 to 0.80 W/m/K at the
EG mass fraction of 0–10%. However, they found that incorporation
of EG at a higher mass fraction (�10 wt.%) reduced latent heat
capacity significantly and recommended using EG at lower concen-
tration for improving thermal conductivity without appreciable
loss of latent heat capacity for cellulose-graft-PEG) copolymer SS-
PCMs.

5.2. Phase change kinetics

In addition of their thermal conductivity, the charging/discharg-
ing rate of SS-PCMs also depends on the rate at which the heat-
storing phase change occurs. Phase transition kinetics in SS-PCMs
are influenced by the molecular weight, melt viscosity, and nature
of the intermolecular interactions. Inorganic SS-PCMs exhibit the
fastest phase-change rate due to the homogeneous nature of their
molecular structure and the relatively low melt viscosity at the
melting temperature. Organic SS-PCMs exhibit a broader range of
phase-change rates with the polyols exhibiting the slowest transi-
tions due to the presence of extended hydrogen-bonded
supramolecular networks that interfere with the molecular rear-
rangements required for phase transition. Since the organometallic
SS-PCMs contain paraffin-like phase changing motifs, their phase
transition kinetics are similar to those observed for the paraffin-
based SL-PCMs, thus exhibiting relatively fast phase change kinet-
ics. The rate of phase transition for polymeric SS-PCMs depends on
their molecular weight on the chemical nature of the phase-
changing motifs. Increases in molecular weight typically lead to
higher melt viscosities and slower phase change rates. A similar
trend is observed when increasing the concentration of functional
groups capable of generating strong supramolecular interactions,
such as hydrogen bonds or ionic interactions. Slow phase transition
kinetics can produce differences in the observed onset tempera-
tures for melting and crystallization that increase as the heating
or cooling rates increase. Super cooling of up to 40 �C has been
reported for materials with slow phase-change kinetics, typically
polymeric or organic SS-PCMs. A comparison of phase change rates
is shown in Table 6.

5.3. Ease of production, cost and other factors

Wide-spread adoption of SS-PCMs will be linked to significant
extent to their cost. Most of the organic and polymeric SS-PCMs
have been synthesized from widely available, low-cost, starting
materials that are commercially utilized for other applications,
making a pathway to commercialization relatively straightforward.
In contrast, the organometallic SS-PCMs required relatively more
complex synthetic schemes and produce denser materials, thus
increasing their cost per unit of mass. The inorganic SS-PCMs are
derived from common metallic alloys and, when used within opti-
mized, integrated processes can justify the additional production
costs.

Many other factors affect the use of SS-PCMs in specific engi-
neering applications. Some of the issues that may affect specific
applications include phase separation, chemical and thermal sta-
bility, volume change, toxicity, and fire resistance. Current litera-
ture does not provide information on these factors. An initial
assessment of the relative ratings for these factors is provided in
Table 6.

5.4. Opportunities

Solid-solid PCMs can offer unique application opportunities that
build upon their high latent heat storage capacity and the solid-
solid nature of their phase transitions.

5.4.1. Structural-thermal functions
One of the arguments in favor of SS-PCMs is their ability to

remain solid and prevent leakage. The term ‘‘solid” can be some-
what misleading, as most SS-PCMs become soft, wax-like, solids
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with relatively low mechanical strength above their phase change
temperatures. An evaluation of the mechanical properties of SS-
PCMs as a function of temperature would be useful for engineering
design purposes. Similar to the development of structural batteries
[80], novel SS-PCMs can be envisioned that combine heat storage
with useful mechanical properties. Several structural features must
be balanced however to produce SS-PCMs with high latent heats
and acceptable mechanical properties. For example, a higher
degree of cross-linking can increase both the modulus and tensile
strength in polymeric SS-PCMs, but may also reduce their chain
mobility thus likely interfering with phase transitions and decreas-
ing latent heat. A more thorough characterization of the effect of
chemical structure on both thermal and mechanical properties
would help with identifying general trends necessary for rational
materials development. Current literature does not provide ade-
quate information on mechanical properties and long-term shape
stability at different temperatures, nor does it systematically
report the glass transition temperature of SS-PCM polymeric com-
pounds. Such information will be required to demonstrate, for
example, that the glass transition temperature is sufficiently high
for the expected application. As a general trend, addition of
mechanically stabilizing materials (either via covalent modifica-
tion or blending) to the phase changing motifs, decreases the
resulting latent heat compared to the pure components. The major-
ity of the literature reports have focused on minimizing the disrup-
tion to the crystalline structures resulting from the modifications
required to convert a material undergoing solid-liquid transitions
into one exhibiting a solid-solid phase change. A similar crystalline
structure disrupting trend occurs when the organic PCMs are
blended to increase their thermal conductivity, minimize hystere-
sis or fine tune the phase transition temperature. Even in the most
promising cases, where the phase transition exhibits the latent
heats comparable to solid-liquid systems, further characterization
of the long-term stability of these compounds upon thermal
cycling is still required.

5.4.2. Encapsulation and shape-stabilization
Encapsulation into plastics or absorption into porous materials

are common approaches to prevent leakage of SL-PCMs [81]. These
supporting materials, however, do not participate in the latent heat
storage process and therefore lower the net heat storage capacity
of such systems. Since SS-PCMs remain solid, they may also be
used to encapsulate SL-PCM’s, which would allow all constituents
to contribute to the latent heat storage processes. Similarly, shape
stabilized SL-PCMs using SS-PCM matrixes may also offer a viable
path. Such approaches could offer cost benefits and higher heat
storage capacity.

5.4.3. Smart and adaptive materials
Polymeric SS-PCMs show many similarities to various smart

polymer systems, many of whom also employ phase transitions,
for example to bring about changes in hydrophobicity or trans-
parency. New multifunctional SS-PCMs can be developed that
combine thermal energy storage with other useful functional attri-
butes. Such integrated and multifunctional approaches can lead to
the development of innovative adaptive materials that can self-
regulate their heat storage and thermal transport properties in
response to various external stimuli. Examples are abound in bio-
logical systems were optical, thermal, and structural functions ren-
der adaptive systems enabled by various phase transformations.

5.4.4. Thermo-chromic applications
Many SS-PCMs experience a change in transparency when

undergoing phase transitions, such properties may be used to
develop low-cost SS-PCM based thermo-chromic systems. A recent
study investigated an adaptive passive solar building enclosure
system using a thin layer of polymeric SS-PCM, which was used
as a coating onto a highly reflective exterior façade material [82].
During winter, the SS-PCM is crystalline at low outdoor tempera-
tures and remains opaque; thus absorbing solar radiation at the
exterior surface (to reduce heating loads). During summer, the
SS-PCM becomes amorphous and transparent at elevated outdoor
temperatures, thus exposing the reflective layer, which reflects
solar radiation (to reduce cooling loads). While many SL-PCMs also
undergo transparency changes, their liquid state hinders such
direct use in exposed surface applications. Additional studies are
needed to assess the long-term shape stability and mechanical
properties of such SS-PCM based exposed surface systems.

5.4.5. Radiation heat transfer
The ability to absorb heat using radiation heat-transfer can be

used to circumvent the low thermal conductivity problems typi-
cally associated with PCM’s. In such approach, as illustrated in
the building envelope application described above, radiation pene-
trates the material at the surface and is turned into heat when it is
gradually absorbed deeper into the material. The attenuation or
absorbance of the SS_PCM, as well as its surface properties, will
affect the rate and efficiency of such heat transfer processes. In
some applications, low thermal conductivity may thus become
beneficial as it allows the material to retain heat longer. New SS-
PCMs systems may be developed with purposely-enhanced ther-
mal resistance, for example by using blowing agents to produce
cellular SS-PCM systems [82]. Such applications will require care-
ful design and characterization of combined thermal and optical
properties for SS-PCMs.
6. Conclusions

This paper reviews SS-PCMs for thermal energy storage applica-
tions, with a focus on thermal properties (i.e., enthalpy and phase
transition temperature) of four types of SS-PCMs with different
molecular structures reported in the literature. The processes
underlying phase transition of these SS-PCMs were briefly
explained. The relationship between molecular structures and
thermal properties of these SS-PCMs was discussed and critically
reviewed, which will provide guidance for synthesizing SS-PCMs
with tailored thermal properties. Challenges to the practical imple-
mentation of SS-PCMs for thermal energy storage and heat man-
agement were also discussed. More effort is needed to
characterize other thermophysical properties (e.g., thermal con-
ductivity, mechanical strength, stiffness, etc.) of SS-PCMs in order
to facilitate their engineering applications. SS-PCMs also offer
unique opportunities to develop innovative materials that combine
energy storage with other functional attributes.
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