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Abstract: The development of Phase Change Materials (PCMs) applications and products is closely
related to the market penetration of the renewable energy technologies. With the initial aim of
matching the phase shift between resource availability and demand in solar energy systems, the
range of PCM applications expanded rapidly during the last decades, entering economic sectors
where some form of passive thermal regulation was required. This review focuses on examining
both conventional applications and recent advances and niche areas—such as space applications—
where PCM-based systems demonstrated a potential to improve the operation at process level. The
literature survey conducted here gave special attention to recent application of PCM-based systems
such as data centres cooling and electric vehicles battery thermal management. Recent advances
in PCM-based systems designs were surveyed in the second part of the article. The main PCM
containment and system integration directions were discussed and recent representative studies were
discussed. Some topics considered marginal but nevertheless essential to large scale implementation
of PCM-based systems were mentioned and their coverage in the literature was assessed: health risks,
environmental and lifecycle issues.

Keywords: Phase Change Material; thermal regulation; thermal energy storage; Phase Change Slurry;
encapsulation; form-stable Phase Change Materials

1. Introduction

The development of renewable energy sources, a process which started during the 80s,
received incentives from many sides. It is not entirely correct to say that the perspective
of conventional fuel exhaustion caused exclusively the massive investment in renewable
energy technology development; other technological developments such as solar cells
based on polycrystalline technology reaching efficiency values in the range of 47% (a value
considered impossible to reach a decade ago) as reported by Geisz [1], or fiber glass reinforced
polyester or epoxy for wind turbine blades—Mishnaevsky [2], and generally speaking, the
progress in the large area of physics and material science, led to a quantitative and qualitative
development of all renewable energy technologies. Unlike conventional energy technology
such as fossil fuel, most renewable energy technology has unpredictable availability and
variable output. This turns out to be a major issue both in cases of integration into centralized
grids and especially in cases of micro grids and distributed generation. In this last case, Energy
Systems Integration becomes more complicated in terms of coordinating the operation and
planning of sub-systems under reliability and cost-effectiveness principles.

Energy storage technologies have the key role of matching the demand with the supply,
thus contributing to peak shaving and downsizing the rated capacity of the generation
equipment. The energy storage concept is not new and it has many components. In order
to reduce conversion losses (due to inherent irreversibility in the conversion chain) and
capital cost with conversion equipment it is preferred to store energy in the form that is
required for consumption. Thermal energy storage is just one of the many existing energy
storage technologies.
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In case of thermal energy storage systems, thermal energy is delivered to a storage system
where it is stored for different periods of time and, when the consumer requires it, the stored
energy is delivered in the same form (thermal energy). The absence of a conversion process
into another form of energy makes the thermal energy storage process highly efficient, with
losses incurred by the heat transfer from the storage system to the environment. Thermal
storage can be achieved in three main ways:

Sensible heat storage. It consists of storing heat in a liquid or solid medium by means of
varying its temperature. The choice of the storage medium depends on the process temperature
and the desired capacity. Water is a good choice since it has high specific heat capacity and
its vaporization temperature can be increased by increasing the pressure. Variation of the
temperature in the case of sensible heat storage results in exergy loss, directly proportional to
the temperature variation.

Latent heat storage. During the charging phase, the thermal energy is delivered to a
medium that undergoes phase change from solid to liquid. The thermal energy is stored in
this case mainly as latent heat with very small variation of the temperature. The exergy
loss is minimized in this case and the storage capacity is significantly higher than in the
case of sensible storage.

Chemical storage. Chemical thermal energy storage is achieved by means of reversible
endotherm/exotherm chemical reactions using a thermochemical material such as silica
gel/water, magnesium sulphate/water, lithium bromide/water, lithium chloride/water,
and NaOH /water, Kalaiselvam and Parameshwaran [3].

This review paper will focus on latent heat storage with (PCMs). PCMs-based tech-
nologies extended considerably their typology and range of applicability as well. The main
challenges and research directions when it comes to PCMs applications are selection of the
appropriate PCM for the given system, design considerations in order to enable system
integration, environmental, economic and lifecycle issues, and general engineering issues.
Given the large range of applications of PCMs, the design paradigms vary considerably
and must be adapted to the specific application. This paper will present a general re-
view of design directions appropriate for different PCMs and application with a focus on
system integration.

This review explores and attempts to bring updated information in two directions:

- PCMs applications with a focus on areas where PCMs entered recently as well as on
areas where PCMs utilization has been long established but the literature reports are
scarce. Among most recent PCMs applications reported in the literature the most
important can be mentioned: temperature control in DCs, fresh e-commerce, thermal
management of electric vehicles battery systems and thermal comfort in the vehicle
cabins. Other important PCMs applications that have been long implemented but
not extensively presented in the literature are aerospace applications. This review
attempts to synthesize main applications in the aerospace sector;

- PCM systems design: challenges to overcome, design strategies and solutions.

Another novelty element of the present review is a discussion on the impregnation
mechanisms and common impregnation methods in manufacturing form-stable PCMs.

2. Phase Change Materials applications

The main consideration that has to be accounted for when it comes to the design of a
PCM system are the nature of the PCM and the application.

Classification of PCMs is presented in Figure 1. Eutectics are a special class of PCMs
consisting of a combination of both organic and inorganic compounds which dissolves at
a specific atomic ratio that then freezes and melts in turn, producing a crystal mixture by
crystallization. Eutectics have more desirable properties as a result, which include better
latent energy and an extremely high melting temperature, Lawag and Ali [4].
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Generally, inorganic PCMs are relatively inexpensive, widely available, chemically sta-
ble and less flammable than organic ones. Another important consideration is the thermal
conductivity coefficient, which tends to be higher in the case of inorganic PCMs. Inorganic
PCMs have though some disadvantages compared to organic PCMs [5]: tendency to un-
dergo supercooling before crystallization, are corrosive to most metals, require nucleating
and thickening agents, suffer from phase segregation. There are also process requirements that
render the usage of PCMs meaningful or not. The most important is the temporal variation of
the load; PCMs can only make a difference in the case of fluctuating/periodic loads.

Any PCM application requires containing in some form the PCM, in order to keep it
in a volume especially when transition to liquid phase occurs. Containerization is achieved
in many forms depending on the PCM nature, application, temperature variation range
and system integration.

Commonly used PCMs are paraffins, fatty acids and esters and salt hydrates. Recently,
ionic liquids have been considered as PCMs, Matuszeka et al. [6]. In a recent review article
Lawag and Ali [4] found that 81% of the research articles that were included in the review
studied organic PCMs, 15% inorganics and 4% others. As organic PCM, paraffin was the
research topic in 79% of the articles considered in [4].

2.1. Solar Energy Storage

Latent heat storage is an effective way to address the intrinsic intermittence and daily
unpredictable fluctuations. The usual temperature range for solar energy storage is 300—400 °C,
Dinter et al. [7]. For such application, the appropriate PCMs are usually inorganic, Michels and
Pitz-Paal [8], Pielichowska andPielichowski [9]. Dinter et al. [7] described a cascaded PCM
storage system with five stages, each stage using a different PCM, arranged in such way
that the PCM with the highest melting point is placed on the first position during the charge
phase and on the last position during the discharge phase. The inorganic PCMs described
in [7] are MgCl, /KCI/NaCl with melting point 380 °C, KOH with melting point 360 °C,
KNOj3 with melting point 335 °C, KNO3 / KCI with melting point 320 °C and NaNO3 with
melting point 306 °C. The serial arrangement of the PCMs offers two major advantages:
(1) reduces the exergy loss by minimizing the temperature difference between the PCM and
the charging/discharging fluid and (2) increases the storage capacity benefitting from latent
storage instead of sensible storage. A comprehensive review of solar cooling methods
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and thermal storage systems and a more detailed discussion on cascaded storage for solar
thermal applications can be found in Chidambaram et al. [10].

2.2. Space Applications

The space thermal environment is characterized by temperatures as low as 2.725 K solar
radiation intensity 1353 W/m? and heat transfer between the spacecraft and environment
almost exclusively by radiation, He et al. [11].

Space applications, subject to periodic, high amplitude thermal cycles, can benefit
significantly from implementation of PCM-based temperature control systems. The type of
PCM systems differ significantly depending on the mission type. Obviously, in case of deep
space and planetary explorations spacecrafts, the thermal environments vary in a much higher
extent than orbital spacecraft. For such vehicles, it is considerably more important to ensure
heat rejection during the hot operating phases and maintain the temperature range required
for safe systems operation during cold environments. Special problems are encountered in
case of geostationary orbits. Unlike in the case of low Earth orbit vehicles, the influence of the
Earth is almost negligible, except in the case of shadowing during eclipses. However, seasonal
variations in the direction and intensity of the solar input impact considerably the design of the
thermal control systems. In particular, a major issue in this case is the heat rejection system,
which has to dissipate the heat to the deep space (spacecraft area not exposed to radiation).
Ymer and Adami [12] developed a two-dimensional analytical model for the heat transfer
process in a PCM heat storage system for space applications. The effect of the main thermal
and geometrical parameters was investigated by performing a parametric study. In space
applications, any spacecraft subsystem is subject to weight/volume constraints. Among
studies attempted to develop PCM-based thermal control systems under such constraints,
attempting to maximize storage capacity-to-volume ratio and improve the behaviour under
dynamic loads, the following can be mentioned:

o Lafdietal. [13] carried out a numerical study to predict the thermal performance of
graphite foams infiltrated with PCMs for terrestrial and space applications. For space
applications, the average value of the output power of the new energy storage system
has been increased by more than eight times. In the case of terrestrial applications, the
average output power using carbon foam of porosity 97% was about five times greater
than that for using pure PCM. Other studies discussed the appropriateness of various
PCMs for the particular conditions of the space environment.

e  Cuietal. [14] studied numerically and experimentally the LiF — CaF, eutectic mixture.
It was found that the output temperature of the working fluid tubes met the expected
demand during the sunlight and eclipse period and the maximum temperature.

e Heetal [15] developed a two-dimensional model for PV-PCM-TE coupling system to
investigate the energy transfer and conversion performance under space conditions.
A suitable PCM was selected and it was integrated into the system both in pure form
as well as a MFCPCM. A combined performance criterion was defined considering
the power generation efficiency and the system mass, which is a critical evaluation
index for space systems. The system design is presented in Figure 2b (PCM only) and
Figure 2c (MFCPCM). The average total efficiencies for PV-TE, PV-PCM-TE and PV-
MFCPCM-TE were 29.50%, 30.50% and 30.61%, and the corresponding average power
density were 30.34 W/kg, 22.39 W/kg and 21.20 W /kg, respectively. The authors
designed an orthogonal experiment in order to assess the effect of the PV-MFCPCM-TE
on the power generation efficiency and power density. After running all cases of the
orthogonal experiment, it was found that the mass of the ceramic layer and PCM layer
had the highest weight of the PV-PCM-TE system total mass. It was concluded that
reducing ceramic layer mass and using high melting enthalpy PCM was an efficient
way to further reduce the mass of PV-PCM-TE coupling system and promote its
application in space system.
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Figure 2. Schematic of the systems investigated [15]. Reproduced with permission from Elsevier.

He et al. [11] developed a numerical model for space PV-PCM-TE systems using
paraffin as PCM aluminium foam as additive for heat transfer enhancement. The PV-PCM-
TE system was considered to be attached to spacecraft orbiting the Earth every 90 min,
with 60 min on the Sun side. A two-dimensional numerical model was developed for the
PV-MFCPCM-TE system to investigate its periodic performance under space conditions.

The operation of the system has two stages: During the illumination period Figure 3—
left, the incident solar energy is absorbed by PV cell, part of the absorbed energy is
converted to electrical power, and the rest is converted to thermal energy. Then, part of
the thermal energy is dissipated to space by radiation through the upper surface of PV
cell, the other part is transferred to MFCPCM module. In MECPCM module, part of the
thermal energy is stored in PCM through the solid-liquid phase change process and the
other is transferred to TE module. In TE module, some of the thermal energy is converted
to electrical power and the other is transferred to heat sink module and be dissipated to
space by radiation. During the shadow period Figure 3—right, there is no incident solar
energy and the PV cell stops working, while the thermal energy stored in PCM during
illumination period is released through the liquid-solid phase change process and PCM is
regenerated. Some of the released thermal energy is transferred to PV cell and be dissipated
to space by radiation, the other part is transferred to TE module. Then, in TE module, part
of the thermal energy is converted to electrical power and the other is transferred to heat
sink and be dissipated to space by radiation.
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Figure 3. The schematic of the PV-MFCPCM-TE physical model [11]. Reproduced with permission

from Elsevier.

Firstly, the PV-MFCPCM-TE systems with different heat dissipation conditions were
investigated, the problems of energy imbalance and MFCPCM failure and their effects on
overall performance of PV-MFCPCM-TE system were discussed. Then, the global structural
parameters optimization was carried out, and the optimal parameter combination was
derived considering both the periodic energy balance and system power density.

2.3. Temperature Control of Electronics

PCM-based thermal control systems are very effective for device with intermittent
operation. Most of the electronic chips available on the market today operate safely at
maximum temperature values ranging from 85 °C to 120 °C. Applications of PCMs in
thermal control of electronic devices ranges from PCM-enhanced heat sinks: a hybrid heat
sink which combined an active plate fin heat sink with its tip immersed in a passive PCM,
Krishnan et al. [16]; Composite heat sinks using a vertical array of fins made of PCM and
highly conductive base material were constructed by Akhilesh et al. [17]; inclusion of PCM
in the cavities of the heat sinks with the purpose of improving the cooling performance
at high input power; heat pipe modules with n-tricosane (melting point 380 °C) as PCM,
which resulted in a lower cooling fan power consumption (by 46%) and a lower device
temperature (by 12.3 °C).

Photovoltaic panels thermoregulation is required to maintain the efficiency at the de-
sign value. PCMs find a good application in systems designed to maintain the temperature
of the photovoltaic panels. Quasim et al. [18] assessed the effect of fins inserted into PCM,
by varying the number of fins as 2, 5, 8 and 11 improved heat conduction within PCM
through metal contact, PV cell temperature lowered by maximum 22.9 °C, 23.7 °C, 24.1 °C,
24.9 °C and 26.5 °C with finless, 2-fin, 5-fin, 8-fin and 11-fin PV/PCM configurations,
respectively, improving electrical conversion efficiency from 10.2% to 10.9%, 11.3%, 11.6%,
11.8% and 12.2%, respectively.

2.4. Biomedical Applications

Biomedical applications requiring some sort of thermal protection can integrate PCMs. In
this area, the PCM application range is wide, from thermal control during transport/storage
of biologic tissue to thermal control/protection for in situ interventions. Such applications
are useful for example in cases where skin temperature must be kept within a range, e.g.,
heat/cool therapy, Zhang [19]. More extensively, PCMs are used for thermal control during
transport of storage of biological products, Mondieig [20]. De Santis [21] conducted a study
attempting to absorb quasi-isothermally the heat generated during in situ polymerization
of PMMA for bone cement composites in order to reduce the peak temperature. Another
similar study was presented by Pielichkowska and Btazewicz [22]. An interesting type
of PCM application in medicine was a PCM-based thermal control system to protect the
healthy tissue around a malignant tumour during cryo-surgery, Lv et al. [23].

2.5. Thermal Storage in Building Applications

It is known that the built environment contributes with a significant share to the
overall energy consumption.
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As the regulations regarding the energy efficiency become tighter, the building indus-
try had to adapt and come up with solutions to comply with the ultimate goal of reducing
the energy consumption for HVAC, lighting, building services, etc. A large share from the
built environment energy consumption is occupied by HVAC. The periodically fluctuant
HVAC load suggest that using some forms of PCM-based thermoregulation systems can
result in an improvement in the built environment energy efficiency. Due to the high poten-
tial of PCM-based systems of improving the energy efficiency in the built environment, a
large range of applications, both passive and active, have been developed.

2.5.1. Passive Storage Systems

The term passive implies that the systems require little or no energy at all during
the operational charge/discharge phases of the functional cycle. Table 1 presents several
representative experimental and numerical studies on passive thermal regulation systems

for the built environment integrating PCMs in various forms.

Table 1. Passive PCM storage systems for the built environment.

Ref. System Design and Conditions Findings, Conclusions
Gypsum wallboard impregnated with a mixture of
methyl palmitate/methyl stearate with a melting range o
(24] 23-26.5 C and latent heat of the phase transition Peak load shifting
180 k] /kg
.A Procgdure to produce TES coqcrete (TESC) by The storage capacity of the TESC was comparable with that of a
[25] infiltrating porous aggregates with molten PCM under ; .
o commercially available PCM.
vacuum conditions
A more equalized energy balance in the during the day, when
[26] Facade panels with double glazing combined with PCM  moderate heat gains with very low heat losses were experienced.
This suggests lightweight construction appropriateness
Laminated wallboard with a narrow . . . . . .
[27] phase change temperature range. Moderating night time temperature in a passively designed room.
28] Mixtures of CA and LA as the PCM to impregnate After 360 thermal cycles the melting temperature and latent heat
wallboards for building energy storage of the PCM wallboards showed no obvious changes
Phase change GW incorborating the eutectic mixture of A maximum of 25% of the total mass of CA/MA eutectic could be
[29] P ang P 8 incorporated into the GW; after 1000 cycles PCM leakage
atty acids
occurred
Three-layer sandwich type wall system consisting of two ~ Annual energy savings; reduces the peak value of the
130] PCM wallboards, impregnated with PCMs with different  cooling/heating loads. The melting point values for the two
. values of the melting point as outer layers and a middle =~ PCMs resulting in the highest value of the energy savings were
layer of conventional thermal insulation identified.
PCM-enhanced wall system and a simplified model for Thg occupancy pattern influenced th? value of the PCM melting
- . point for which maximum energy savings value was reached and;
[31] the heat exchange between the indoor environment and . . .
. the ventilation and its pattern reduced the relative value of the
ambient was developed -
energy savings.
[32] PCM incorporated in concrete floors, in which solar Reduction of the maximum floor temperatures by 16% and an
: thermal energy is stored in a concrete/PCM composite increase in the minimum temperatures of up to 7%.
The device remained opaque (~3.5%) below the melting point of
PEG based shape-stabilized PCMs were successfully the PEG-CNF composite ar'ld became grgdually transparent as the
[33] repared usine CNFs isolated from crab shells temperature of the device increased ultimately stabilizing at a
prep & transmittance value of ~88%. CNF phase had an effect on the
thermal properties of the PEG-CNF material
A fabrication approach of cement-based composite phase C
. ompared to control cement paste, the surface temperature of
[34] change materials (CCPCMs) by means of the water . .
T CCPCMs sample reduced by a maximum of 6.2 °C.
solubility of polyethylene glycol
. . The maximum energy consumption of reference building models
[35] Latent heat storage bio-composite dropped by ~530 kWh per year
Similar minimizations of the one-year energy heating demand
inside the bedroom, equal to roughly 20% (i.e., 20.45% of concrete
(1) the model house without the solar Trombe wall, storage wall and 19.90% of PCM storage wall) compared to the
defined as the reference configuration; (2) the model reference configuration. The heating energy demand in the
36] house integrating the concrete solar Trombe wall; and (3)  bedroom, through application of the two storage walls (concrete

the model house integrating the PCM solar Trombe wall.
three different climate conditions were considered for
simulations: Paris-Orly, Lyon, and Nice

and PCM) could be minimized by 20.34% in Paris, 20.20% in
Lyon, and 68.10% in Nice (for the concrete storage wall) vs. the
reference configuration; and by 18.79% in Paris, 19.56% in Lyon,
and 55.15% in Nice (for the PCM storage wall) compared to the
reference configuration
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2.5.2. Active Storage Systems

In most applications, active systems are used to store off peak thermal energy for the
built environment, Pielichowska and Pielichowski [9]. For typical active storage applica-
tions, several examples from the literature are presented in Table 2.

Table 2. Active PCM storage systems for the built environment.

Ref. System Design and Conditions Findings, Conclusions
PCM was fully discharged, the installed heat storage capacity
: . . was enough to shift the cooling demand to off-peak hours. The
Macrq encaps ulated .PCM panel with embedded pipes as MEP’s specific cooling power during melting was between 5.3
1371 an active C eiling cgohng cor.nponent. as opposed t(.) and 27.7 W/m?, with 11.3 W/m? on average over the active
commercially available radiant cooling technologies ceiling surface for a water supply temperature and flow rate of
20 °C and 140 kg/h, respectively
. . . Optimal configuration was achieved when: the solar collector
Solar thermal system coupling with active PCM heat area per square unit building area was 0.024 m?, hot water flow
storage wall. The effect of the solar collector area, hot water rate was 2.8 kg /s, initial melting temperature was 27 °C and
[38] Itlgvl:l/[gavt\?,o ?iizlggété?%eﬁmg f;;t Egrifaljlgtg;rlfel:jn]iss of the thickness of PCMSW was 20 mm. STS-APHSW can balance
STS-APHSW was assessed pEconomic comfort ra t?o was the time mismatch between the solar supply and demand, thus
. increasing the solar fraction and solar energy application
proposed as assessment criteria .
P:fentlal del bl he th 1
. The state-space model was able to estimate the therma
Arztagzé?a;ﬁéniieljsg dsﬁfll;laeﬁlc‘i ng-e]ﬁizcsl ;PCII\;B d“;gi behaviour of the system, as well as the thermal characteristics
[39] I;m}t)llti-la.yer w};ll xli)vith PCM Wallboards (PCMV\?)p of embedding PCM in the internal face of the wall. The PCM
embedded between indoor and outdoor environments Egﬁ;:f;;?lﬁcamly contributed to stabilizing the indoor
. . . — The active PCM system reduced cooling load on the chiller b
Acnve PCM system installed in an eleven-sForey building 12-37% only durir}ig colder months, butg remained inactive Y
m Me.zlbourne, Macro—encaps;l lated PCM Wlth the phase during the summer. In the case of maximum effectiveness, the
transition temperature of 15 °C was installed in a large . o g .
PCM tank. Water was used as the heat transfer fluid to PCM tank only utilized 15% of its available heat storage
[40] extract anc.i store cooline enerey from the PCM tank. The capacity to reduce the cooling load. The factors that contributed
'8 4 o to the underperformance of active PCM system were identified:
performance of the active PCM system was monitored for . hb desiened and 1 . £ th
25 consecutive months, and the results were analysed on a mismatch between designed and actual operation of the PCM
seasonal basis ’ system, inefficient system control, material quality, lack of
maintenance staff training
An experiment was conduc?e.d to study the thermal The test room with the ASHW-PCM system reached an energy
performance and energy efficiency of an ASHW-PCM conservation of 1.93 kWh and an indoor temperature 21.9 °C
system. Comparative trials were then carried out to . . ) p Y
complete its systematic optimization using CED which are higher than that of the reference room. Numerical
[41] pete y e op & ’ results showed that the number of water capillary pipes mainly
considering the d ominating factors that may have an effect affects the homogenization of the ASHW-PCM wallboard
on th.e systematic therma‘l perf01'~mance, the number and surface heating temperature, and the pipe location mostly
location of the water capillary pipes, the PCM wallboard influences the heating temperature
thickness, and the heating water temperature & temp '
The system increased the indoor temperature of an
3 . . . experimental house without increasing the temperature
SASIIleC“ﬁ/IStrIL; itezrgfzfellsgilliléﬂMozgilseiztzlg ilfe;glr;gtsoifstear?a}/\f?rtlh difference; the temperature of the PCM plates was maintained
[42] p : P at the phase transition temperature for a long period after the

as a dispersed PCM and of 25 wt.% polyethylene as the
supporting material.

heaters stopped working. More than 50% of the total electric
heat energy was shifted from the peak period to the off-peak
hours

2.6. Increasing the Storage Capacity of Hot/Cold Water Tanks

In order to reduce the tank volume for the same storage capacity, PCM modules can be
integrated in water storage tanks. In order to optimize the tank-PCM elements system it is
necessary to understand the dynamic behaviour and the heat transfer characteristics of such
systems. Wan et al. [43] developed a dynamic model for tube-capsulated PCM storage tanks
using a thermally VRC network in a quasi-two-dimension. The accuracy of the quasi-2D VRC
model was investigated using data available in the literature, and the mean absolute error was
within 1.0 °C. Jahangir and Labbafi [44] investigated experimentally a GSHP system with a
PCM energy storage tank to improve the performance of the Dunaliella salina microalgae
open culture system. Factors including the amount of PCM in the energy storage tank,
the flow rate of the circulation fluid and the amount and use of nanoparticles in the fluid
affect the temperature of the pool water in the coldest and hottest day of the year, the
growth rate of microalgae and the performance of the system. the use of this system in
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cooling mode has a 48.7% higher coefficient of performance and a 54% increase in weekly
microalgae production compared to a single GSHP system. Likewise in heating mode, it
causes a 53.7% increase in the coefficient of performance and a 27.6% increase in microalgae
production rate. A major issue that has to be resolved during the design phase in case of
storage tanks is thermal stratification. Thermal stratification does not affect necessarily the
storage capacity but it has a negative effect on the dynamic of the charging/discharging
process. On the other hand, proper design can take advantage of the natural thermal
stratification and improve the efficiency of the charging/discharging process, as shown
in [44]. Liang et al. [45] performed an experimental and numerical study to demonstrate a
novel stratified storage tank of PCM-in-water nano-emulsion for cold storage in building
radiant cooling applications. A 20 wt% PCM-in-water nano-emulsion was utilized as both
the storage medium and heat transfer fluid. The experimental results showed that the
cooling capacity of a cooling panel was increased by 60% with phase change emulsion
circulating in the loop. The effective energy storage capacity of the stratified storage tank
was 1.6-1.7 times than that of water in a wide range of discharging flow rates/speeds. In
comparison with other PCM thermal energy storage designs, the stratified storage tank of
PCM-in-water nano-emulsion has the advantage of a lower temperature difference between
the cooling source and the demand, and thus raising the overall system energy efficiency.
Wau et al. [46] investigated a solar DHW storage tank using sodium acetate trihydrate as
PCM. The thermal stratification of latent heat storage water tanks within different locations
of PCM units and inlet flows was investigated experimentally and numerically. The results
show that in the charging process, as the inlet flow increases, the thickness of the thermocline
gradually increases, with the resulting in worsening of the mixing process. These findings are
useful in optimal design of domestic hot water storage systems.

2.7. Two-Phase LHFTF

LHFTFs consist of a liquid medium in which PCM particles are dispersed. The apparent
specific heat of the functional fluid will be considerably higher than that of the pure
fluid since the PCM particles absorb/release heat almost isothermally. The PCM particles
can enhance the heat transfer rate between the fluid and the tube wall, reduce the mass
flow rate and pumping power, Pielichowska and Pielichowski [9] (this happens up to a
concentration, where the density of the fluid increases, which results in an increase of the
pumping power). A major issue in designing and developing functional thermal fluids is
maintaining the PCM chemical stability and physical integrity. The following types of LHFTFs
demonstrated compliance regarding the previously mentioned conditions Pielichowska
and Pielichowski [9]:

e Phase Change Slurries; the PCM is microencapsulation by means of chemical pro-
cesses by creating a shell that contains the PCM. The microcapsules must not form
agglomerations, deposits or fouling so the PCS maintains its homogeneity and can be
pumped through tubes and ducts.

e  Emulsion of fusible components, with the PCM dispersed in a carrier fluid and kept in
suspension by a surfactant agent

e  Iceslurries

LHFTS applications have been reported as follows: Diaconu et al. [47,48] investigated
the heat storage properties and heat transfer particularities of a microencapsulated slurry
containing paraffin-based PCM (Rubitherm RT6) with a high concentration of 45% w/w
for cold storage in air conditioning applications. Due to the difficulties in deriving a heat
transfer correlation for the PCS, the authors proposed a new method of evaluating the heat
transfer coefficient for the PCS, by comparing it with that of water, for the same conditions.
It was found that the heat transfer coefficient for the PCS was higher than that of water.

As the PCSs offer most advantages over other types of LHFTS extensive research has
been carried out on production of stable PCM microcapsules dispersions and development
of microencapsulation techniques. Ikutegbe et al. [49] presented a technique to encap-
sulate low melting PCM photo-induced suspension polymerization technique using an
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ultraviolet perfluoro-alkoxy (UV PFA) coiled tube reactor. Commercially available Pure
Temp (PT) 6 (melting point 6.2 °C and latent heat of fusion 150.1 k] /kg) and cross-linked
polymethyl methacrylate were used as PCM and shell material, respectively. The effect
of different synthesis parameters such as polymerization time and optimum core-shell
mass ratio were thoroughly investigated. The morphology, chemical stability, thermal
properties, and microcapsules produced at the optimal yield were examined and surface
morphology analysis showed the absence of distortions and complete PCM core entrap-
ment. The MEPCM had a peak melting temperature of 8.2 °C and an average latent heat of
131.1 kJ /kg, representing 87.4% PCM content. Guo et al. [50] designed and prepared via
single-step in situ polymerization. OSS-MEPCMs with n-octadecane as core material and
silicone as shell material. The effects of core/shell ratio on morphology, thermal properties,
thermal stability and mechanical properties of OSS-MPCMs were further investigated. The
authors reported an encapsulation efficiency of roughly 86%. Chen et al. [51] prepared a
new type of MEPCM with n-docosane CH3-(CH,;)0-CHj3 as the PCM core and titanium
dioxide as shell material. The authors reported a melting point of approximately 40 °C. In
order to optimize the formula of the microcapsules, single-factor analysis on the emulsifier
type, its mass fraction, ultrasonic frequency, pH, and core—shell ratio were performed. The
results showed that the MPCMs prepared in this paper had a particle size of 2-5 um and
spherical shape. Its surface was uniform and smooth and the titanium oxide was well
dispersed around the n-docosane, completely coating the n-docosane without impurities.
The MPCMs had good performance in terms of thermal properties and heat storage when
using 0.40% sodium dodecyl sulphate as an emulsifier, 10 min ultrasonic, a 3.5 pH value,
and a 1:1 core-shell ratio. However, the stirring method, time, and experimental reaction
temperature also influenced the properties of the material, which was not studied in the
experiment reported by the authors. A state-of-the-art review presenting recent advances
in PCM microencapsulation was carried out by Al-Shannagq et al. [52].

2.8. Textiles with Thermoregulation Features

So called smart textiles—fibres incorporating PCM microcapsules to improve the ther-
mal comfort offered by functional garments such as space suits in environments subject to
large temperature variations. In fact, smart textiles were among the first PCM applications.
A review of PCMs for smart textiles was carried out by Mondal [53]. Lu et al. [54] devel-
oped a material structure with high-performance in overcoming leakage of paraffin wax
by the coaxial electrospinning technique using core-sheath structured smart textiles with
paraffin wax as core layer and polyacrylonitrile as sheath layer. In order to improve the
heat absorption from solar radiation, the hexagonal cesium tungsten bronze (Cs0.32WO3)
with high near-infrared region emission factor was incorporated in the textiles. The authors
reported an encapsulation efficiency of 54.3% (latent heat of 60.31 J/g) and no significant
change of latent heat for the smart textiles after 500 heating-cooling cycles was found.

2.9. Automotive Applications

In the automotive industry, PCMs can have several applications, such as Pielichowska
and Pielichowski [9]: pre-heating catalytic converters; engine cooling / pre-heating; thermal
comfort in the cabin; fuel/air preheating. The objectives of using PCM-based thermal
energy storage systems in automotive applications were mainly to downsize the cooling
system and to reduce the engine warm-up time.

2.9.1. Pre-Heating Catalytic Convertors

Catalyst performance during cold start and warm up differs with fuel, which influences
the cylinder combustion and exhaust temperature. The exhaust temperature for spark ignition
engines is much higher than that of compression ignition engines, which causes shorter
Three-Way Catalyst light-off time in cold start conditions. Significant research effort has
been made in this direction, as presented in a comprehensive review study, Gao et al. [55],
as the exhaust temperature has a critical role in the catalyst performance. Ugurlu and



Designs 2022, 6, 117

11 of 36

Gokcol [56] reviewed energy storage systems based on PCMs for internal combustion engines
and catalyst preheating, including analysis of the suitable storage materials and the structure
of the devices. The effectiveness of fuel, oil and catalyst preheating by using residual heat
stored in PCMs depends however on the frequency of start/shut down operations. It results
that this technology is not practical for any type of vehicle, being only suitable for vehicles
running regularly for long time at low speed, such as urban buses or airport shuttle
buses [56].

Korin et al. [57] designed a system consisting of a catalytic converter for an internal
combustion engine embedded in a PCM with the melting point approximately 353 °C (a few
degrees above the light-off temperature of the metallic catalyst). The objective of this system
was to reduce the transient heating up period of the catalyst (the time interval required
for the catalyst to reach the design operating temperature). However, the effectiveness of
such system depends considerably on the start/shut down frequency, which must be high
enough in order not to allow the PCM to solidify and cool down.

2.9.2. Engine Cooling/Pre-Heating

Given the fact that engines waste approximately 50% of the heat resulting from fuel
combustion as residual heat (exhaust gas, coolant and lubricant oil) the idea of recovering
this heat and storing it is meaningful. Kim et al. [58] designed an engine PCM-based cooling
component with the purpose of reducing the volume of the conventional cooling system.
Three prototypes were designed: full-size, down-sized, and a down-sized prototype with a
heat accumulator containing the PCM inside. It was found that the full-size of the cooling
system component was down-sized by 30%; the smaller design failed to dissipate the
peak heat load and consequently led to a significant increase in the coolant temperature,
around 25 °C greater than that in the full-size system. The authors concluded that the peak
heat load was reduced in the down-sized system with the PCM-based heat accumulator.
Park et al. [59] designed and investigated experimentally a PCM-based prototype heat
storage system in order to recover partially the thermal energy released through engine
cooling. As a result, a stearic acid was determined to be appropriate based on safety
and adequate thermal properties criteria. In order to measure the reduction in engine fuel
consumption, a thermal storage system designed for the actual engine was applied to achieve
a quick warm-up by releasing stored heat energy directly on the coolant during a cold start. It
was found that the system reduced by approximately 18% the warm-up time. Gumus [60]
developed an experimental system for thermal energy storage system for pre-heating of
internal combustion engines. The PCM used in this study was Na;SO4 - 10H,O. It was found
that charging and discharging time of the heat storage system were approximately 500 and
600 s, respectively and temperature of engine increased 17.4 °C with pre-heating.

2.9.3. Fuel/Air Preheating

Soliman et al. [61] proposed a new design of the exhaust waste heat recovery heat
exchanger. It consisted of preheating the intake air before supplying it to the compression
ignition engine at cold start-up conditions. The heat exchanger was designed of ribbed
plates containing paraffin wax PCM. The PCM was used to store the thermal energy
released by the engine during the operation for later use in cold start-up conditions. The
effect of different design and operating conditions was assessed. The influence of ribs height
and spacing, engine rotational speed, and intake air temperature on the thermal energy
storage were evaluated. It was concluded that the highest performance was obtained at a
rib gap of 90 mm and a rib height of 7.5 mm. Through the warming-up process, in less than
1 min, the cold intake air temperature could be raised from 273 K to 302.2 K. In another
study, Soliman et al. [62] conducted a numerical investigation on an air preheating system
designed to warm up the engine intake air. The preheating system consisted of a modified
plate heat exchanger and an intake air/exhaust gas switching system. Nano-enhanced
PCMs were encapsulated in rectangular enclosures of the heat exchanger. Lauric acid and
paraffin wax with the melting temperature range 43.5-48.2 °C and 54.2-56.2 °C, respectively
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were used. Three types of nanoparticles were tested: Al,O3, CuO and SiO,. After testing
numerically and experimentally several configurations, it was found that the system was
able to increase the intake air temperature with approximately 20 K, improving significantly
the engine performance and reducing the emissions during cold start-up.

2.9.4. Thermal Comfort in the Cabin

Krishnamoorthi et al. [63] designed a simple PCM-based system to reduce the heating
up of the vehicle cabin due to solar radiation, consisting of a series of copper tubes filled
with PCM (paraffin) placed beneath the cabin roof. It was found that the system was able
to improve slightly the cabin comfort in a passive and cost-effective way. Afzal et al. [64]
designed a passive thermal regulation system for the car cabin by impregnating an organic
PCM-coconut oil-underneath the rooftop of the vehicle and empty spaces in door interior.
Temperature and relative humidity inside the vehicle cabin with and without PCM were
recorded. A significant drop of the maximum cabin temperature was found when using
PCM compared to the case without PCM.

2.9.5. Electric Vehicles

The electric vehicles battery is an expensive and sensitive system, which requires some
sort of thermal management to operate optimally during charging/discharging cycles.
Youssef et al. [65] proposed a novel design optimization to improve the environmental aspect
of the cooling system and reduce its weight. The proposed design reduced the complexity
and power consumption, also enhanced the bulkiness in the PCM cooling system and pack
volume by reducing the amount and weight of the PCM. Luo et al. [66] conducted a recent
review on electric vehicles battery thermal management systems based on PCMs. The main
conclusions were (1) the next research directions should focus on the improvement of
thermal conductivity of PCMs, (2) flame retardancy of organic PCM must be addressed,
(3) thermal stability of inorganic PCMs, Phase Change Fluids and flexible PCMs thermal
performance must be improved, and (4) the PCM-battery thermal management system
coupling must be improved in terms of thermal performance.

2.10. Food Processing/Agriculture

Food industry is one of the more complex and diverse in terms of thermal processes
kinetics and temperature level. Food products pre-processing require different types of
thermal treatment or thermal regulation during the various phases of the process. Con-
sequently, there are many processes that can benefit from thermal energy storage using
PCM-bases systems. Devahastin and Pitaksuriyarat [67] assessed the feasibility of a PCM-
based heat storage system applied to a drying system for sweet potatoes using solar energy
in order to improve the kinetics of the drying process. The authors found that the drying
rate of sweet potato increased with a decrease of the inlet ambient air velocity. The amount
of the energy that could be extracted from the LHS was 1920 and 1386 k] min kg~! and
the energy saving values were 40% and 34% when using an inlet ambient air velocity of 1
and 2 m/s, respectively. A comprehensive review on thermal energy storage systems for
solar dryers used in the food industry has been conducted by Bal et al. [68]. A more recent
review on solar cookers and dryers conducted by Battocchio et al. [69] mentioned several
applications of PCMs in improving the performance of the process for such equipment.
Simao et al. [70] investigated a decentralized thermal storage architecture, incorporating
PCM into the existing equipment of an agroindustry production line. To assess the feasibil-
ity and potential gain in the adoption of this TES/LHS distributed solution, a tempering
and mixing equipment for food granules was selected as a case study, representing a larger
cluster operating under the operation paradigm of water jacket heating. The behaviour
of the equipment, incorporating an inorganic PCM, was investigated numerically using a
commercial software. Then, a prototype was built and used in laboratory tests, allowing
for data collection and validation of the simulation model. It was concluded that using
PCM:s, it was possible to partially replace the use of water as a source for thermal storage.
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Secondly, it was shown that the replacement of 3.5 litres of water by the same volume of
534 PCM resulted in an increase of 1050 kJ (330%) of storage capacity for the same volume,
and 102% in the combined set (3.5 litres PCM + 8 litres water). Once the PCM was charged,
the gain boosted by the increase in storage capacity was directly reflected in the increase in
the period of operation of the equipment in autonomy (without power supply), keeping
the chocolate for 1.2 h (32%) more of operation above 30 °C.

The use of PCM in the food industry for low temperature processes has by far more
applications than heat storage at high temperatures. Zhang et al. [71] carried out a review
on PCMs for cold storage. Several studies were identified in the literature regarding food
storage, mentioning PCMs such as Tetrahydrofuran, n-Tetradecane, Formic Acid, Polyethylene
glycol 400, Dimethyl adipate, n-Pentadecane. Meng et al. [72] conducted a recent review on
applications of PCMs in fresh e-commerce and cold chain logistics. The review study focuses
on recent literature describing a new trend and concept, fresh e-commerce, a new branch of
the online shopping. The concept is relatively new and it developed exponentially lately,
especially with the outbreak of COVID-19. In fact, the number of publications related to
latent heat storage for the cold chain and refrigerated transport increased from 10 in 2019
to 35 in 2022, according to a recent literature review conducted by Calati et al. [73].

A novel study presenting the design and performance of a CTES unit consisting
of a pillow plate heat exchanger immersed into a low-temperature PCM as the storage
medium was presented by Selvens et al. [74]. A technical solution was proposed to couple
the evaporation and condensation processes of the refrigeration system with the melting
and solidification of a low-temperature PCM in the same heat exchanger. The charging and
discharging performance of the plates-in-tank CTES unit was tested using CO; as the
refrigerant and a commercial PCM with phase change temperature of —9.6 °C (RT-9HC).
An interesting conclusion of the study was that by design, it was possible to select a
discharge characteristic of the CTES unit that matches the refrigeration load curve of the
refrigeration plant by changing the plate pitch. A plate pitch of 15 mm was found as the
appropriate choice to reduce a peak with a high magnitude and duration of approximately
one hour, while 30 mm is most suitable for peaks of about 2 h with a lower magnitude

A recent review conducted by Mu et al. [75] covers many particularities and issues
of PCMs applications in greenhouses. The main objectives of using PCMs in greenhouses
are energy conservation and reducing the amplitude of the temperature fluctuations for
optimal crop development.

2.11. Waste Heat Recovery

There are many processes that release waste heat, from internal combustion engines to
residual heat from steam and gas turbines for power generation and to waste heat from
various industry processes. The following sub-sections will cover several recent literature
reports on PCMs integration into such processes.

2.11.1. Data Centres

Lately, new industrial systems—DCs have entered this class of systems; DCs consume
3% of the global electricity production and contribute with 2% to the total greenhouse
emissions, Luo et al. [76]. DCs not only release significant amounts of residual heat but
they also require strict thermal regulation conditions. It was reported that up to 40% from a
DC total energy consumption is used for cooling only, Liu et al. [77]. Ljungdahl et al. [78]
developed a decision support model that considered the basic information regarding a
High Performance Computing cluster or DC with liquid coolant and PCMs as inputs. The
decision support model was demonstrated in a Danish case study. Electricity savings
between 8.14% and 10.8% of the total cluster electricity consumption and a waste heat
recovery potential of 85 MWh/year to 576 MWh/year were reported.
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2.11.2. Adiabatic Compression of Gases

Significant amounts of waste heat are released in case of adiabatic compression of air
and other gases. Mousavi et al. [79] designed an adiabatic compressed air energy storage
system based on a cascade packed bed thermal energy storage filled with encapsulated
PCMs. thermodynamic and economic issues of the cycle were investigated as well as transient
modelling of the thermal energy storage tanks. The objective of the proposed system was to
recover the waste heat generated in the air compression process to the maximum possible
extent in order to improve the system performance. The influence of the introduced thermal
energy storage configuration on the efficiency and exergy destruction of the system was
analysed and compared with basic designs.

2.11.3. Greenhouses

The waste heat recovery systems are a convenient energy source for maintaining the
greenhouses climate. Yan et al. [80] investigated experimentally a waste heat recovery
system (cross-flow heat exchanger) for a greenhouse in two forms, with and without
embedded phase change material added to the existing greenhouse heating system. The
authors reported that the energy efficiency of the heat recovery process increased by 40%
when using PCMs compared to the case without PCMs. A recent review conducted by
Nishad and Krupa [81] covers all main issues related to PCMs applications in greenhouses.
A dedicated section covers PCMs application for management of the waste heat with the
purpose of increasing the greenhouse energy efficiency.

3. PCM Systems Design Considerations

PCMs are materials and substances that need a form of containment and integration
into the system they will be part of. The PCM systems design depends considerably on
their application and PCM type.

The term PCM type covers a diverse classification which includes different classes
of materials (paraffin waxes, fatty acids, hydrated salts, eutectics of organic and non-
organic compounds and polymers), Pielichowska and Pielichowski [9]. In a very general
sense, the term container will be used throughout this section in order to designate the
physical system which holds the PCM and prevents the mixing with the other system
component, leakage, physical and chemical interactions, and eventually, maintaining the
design behaviour throughout the whole lifecycle. This section of the paper discusses issues
related to the containment forms and designs. Two main containment directions exist:
(1) Encapsulation and (2) Form-Stable PCMs, as shown in Figure 4.

3.1. PCM Encapsulation

The term encapsulation encompasses a wide range of techniques by which the PCM is
contained within an enclosure that isolates it from the environment, preventing the mass
exchanges and allowing only the heat exchange with the environment. PCM isolation from
the environment has several advantages: the chemical and physical stability of the PCM is
better preserved; depending on the geometry and material of the capsule, a higher heat
transfer surface can be achieved;

On the other hand, several disadvantages must be mentioned: the capsule can con-
tribute significantly to the overall heat storage system volume, especially in the case of
macro-capsules; the capsule wall represents a thermal resistance; if the capsule geometry
and material are not properly selected, the heat transfer between PCM and environment
is mitigated.
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Figure 4. PCM containment methods. Kaolin [82,83]; Sepiolite [84]; Montmorillonite [85]; Attapulgite [86,
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3.1.1. Microencapsulation

Microcapsules size varies from nanometres to millimetres. They consist of the core
(the PCM) and the shell, which acts as a wall protecting the PCM from physically and
chemically interacting with the environment. PCM microencapsulation enhances consider-
ably the applicability of PCM-base systems allowing integration in both solid media and in
liquid media.

Through dispersion of PCM microcapsules into a liquid media Phase Change Slurries
(PCS) are obtained. Microencapsulation consists of coating individual particles or droplets
to produce a continuous film, resulting in microcapsules of regular or irregular shape. A
literature review on PCM microencapsulation techniques conducted by Jamekhorshid [112]
reported three main types of microencapsulation methods, as shown in Figure 5. Four
main types of microcapsules are obtained by employing the microencapsulation techniques
described in Jamekhorshid [112], as presented in Figure 6.
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Figure 6. Microcapsule types, Jamekhorshid [112].

The most widely-employed micro-encapsulation method is the Spray-drying method. It
is a cost-effective method which can be scaled up with minimum costs, Borreguero et al. [113].
The method produces polynuclear or matrix type microcapsules. The general design of the
spray drying process is presented in Figure 7.
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Figure 7. Spray drying microencapsulation method process flow, Mishra [114].

Microencapsulation by means of coacervation is another simple and efficient method
for obtaining PCM microcapsules. The general design of the coacervation process is
presented in Figure 6, Mishra [114]. Two types of coacervation process exist, Jamekhor-
shid [112]: (1) simple coacervation resulting from the interaction of a dissolved polymer
with a low-molecular substance and (2) complex coacervation, which occurs through the in-
teraction of two polymers with macromolecules bearing opposite charges. The coacervation
process design, flows and equipment are presented in Figure 8, Mishra [114].
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Figure 8. Microencapsulation method by coacervation process flow, Mishra [114].

The two microencapsulation processes result in micro particles of different size and
dimensional distribution, as shown in Figure 9, Zhang et al. [115].
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Figure 9. SEM images of PCM microcapsules: spray drying (left) and coacervation (right),
Zhang et al. [115]. Reproduced with permission from Elsevier.
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The mechanism of the sol-gel method consists of the following stages [116]:

- Preparation of a sol solution; this is usually achieved through hydrolysis of one of the
precursor compounds like Tetraethoxysilane, Tetraethylorthosilicate, sodium silicate
or methyl triethoxysilane. The sol solution is maintained at pH values between 2 and
3 in order to create conditions for hydrolysis reaction to occur.

- The silicate sol solution is added to a PCM O/W emulsion drop by drop while
emulsion is kept stirring to prevent formation of any continuous gel and allowing the
formation of only discrete silica gel walls around PCM droplets.

- Thesilica shell will be formed on the surface of the PCM droplets by the condensation
polymerization of the silica solid particles. High pH (9-10) condition is maintained in
the emulsion to promote condensation reaction.

The sol-gel method is adequate particularly for inorganic shell materials such as silica
and titanium oxide. Inorganic shell materials have some advantages over organic polymers
used for the microcapsule shell: inorganics are neither toxic or flammable, have higher
thermal conductivity coefficient and better stability.

A schematic workflow of the sol-gel method for obtaining microencapsulated n-
octadecane is presented in Figure 10.
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Figure 10. Sol-gel method: Obtaining microencapsulated n-octadecane with silica wall using sodium
silicate as precursor [117]. Reproduced with permission from Elsevier.

Emulsion Polymerization

This technique uses water as solvent and it is preferred when monomers are poorly
soluble in the aqueous solvent. However, the initiator must be soluble; the initiator triggers
the polymerization when it releases free radicals into the system after a trigger such as
heat is supplied [116]. During emulsification, only the PCM and monomers form the oil
phase, dispersed in the continuous aqueous phase as discrete droplets. Emulsification
can be stimulated by adding surfactants and continuous mechanical stirring. Typical ini-
tiators used in suspension polymerization are ferrous sulphate, ammonium persulphate,
sodium thiosulphate, etc. which are easily soluble in water. This method is typically used
for organic shell materials like PMMA and polystyrene. Alay et al. [118] prepared poly
(methyl methacrylate) /n-hexadecane microcapsules using emulsion polymerization and
investigated experimentally their applicability to various fabric types. Statistical analysis of
the microcapsules physical characteristics revealed that particle size distribution followed
an almost normal distribution with a low variance, as shown in Figure 11 (left).
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Figure 11. The PSD (left) and SEM image (right) of PMMA /n-hexadecane microcapsules produced
using allyl-methacrylate [118]. Reproduced with permission from Elsevier.

However, when the cross-linker used in the emulsion polymerization was used it was
found that mean size of the microcapsules decreased and the PSD deviated significantly
from normal.

Interfacial Polymerization

Two monomers are required for this method, one that is hydrophobic and the other one
hydrophilic [116]. During emulsification (using water as solvent), PCM and hydrophobic
monomers form the oil phase. Hydrophilic monomers are dissolved in the aqueous phase
resulting in two reactive monomers separated in two immiscible mediums which react
only at the interface between two solutions creating a thin film at the surface. The polymer
film becomes a barrier to slow the polymerization process as the polymerization continues.
This procedure generates microcapsules with very thin shell. The typical shell material is
organic (polyurea and polyurethane).

In this synthesis technique, first the isocyanate is prepared as oil phase organic solvent
with PCM. Then, this oil phase is poured into water to prepare an O/W emulsion. After
stirring for few minutes, the water-soluble monomer, which is diluted in distilled water
before, is added to the emulsion system slowly while heating the mixture. Then, the interfa-
cial polymerization reaction takes place between isocyanate and water-soluble monomer at
the oil-water interface. The reaction lasts typically for about 2-3 h. The resultant microcap-
sules will be filtered, washed and dried. The advantage of this method is the low thermal
resistance of the microcapsule shell (due to the low wall thickness). Salatin et al. [119]
synthesized polyurea—urethane microparticles containing xylitol by the interfacial poly-
merization method using as reactive diphenyl (MDI) and xylitol. The influence of several
process parameters on the quality of the resulting microcapsules was analysed. Several
samples were prepared by varying the amount of monomers (xylitol and MDI) and the
stirring speed. It was found that the encapsulation yield depends on the stirring speed
during the emulsification phase and the MDI amount added to the reaction, with a low
stirring speed and high MDI content resulting in the highest encapsulation yield.

In-Situ Polymerization

This technique is somewhat similar to interfacial polymerization with the differ-
ence that chemical compounds that produce precursors to polymers are used instead of
monomers before the polymerization step [116]. The precursor polymerizes to form a shell
around the PCM droplet. The precursors will be part of the aqueous phase and will not
be present in the oil phase This method is typically used for organic shell materials like
melamine-formaldehyde and polyurea-formaldehyde. It should be noted that formalde-
hyde is toxic and creates environmental and health problems. In a typical synthesis process
melamine-formaldehyde pre-polymer is prepared in distilled water with a mixture of
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melamine and formaldehyde with pH maintained at around 9. In parallel, an emulsion
of PCM is prepared in a separate beaker. The emulsion is homogenized for about an hour
by stirring at high speed. The PCM emulsion will be gradually added to the pre-polymer
solution and pH of the solution will be maintained at around 4 and continuously stirred
for around 2 h. Once the microcapsules are formed pH is adjusted back to around 9 which
terminate the polymerization reaction. Microcapsules are filtered, washed with distilled
water and dried. Zhang and Wang [120] prepared microencapsulated PCMs based on
n-octadecane core andresorcinol-modified melamine-formaldehyde shell using the in situ
polymerization method. The process flow is presented in Figure 12. Several emulsifiers
were used in this study.
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Figure 12. Formation of microencapsulated PCMs with n-octadecane as core and resorcinol-modified
melamine-formaldehyde shell through the in situ polymerization method [120]. Reproduced with
permission from Elsevier.

Microencapsulated Phase Change Slurries

Microencapsulated PCS, obtained by dispersing a microencapsulated PCM into a car-
rier liquid (usually water) extend even further the applicability range of PCM microcapsules.
The choice of the carrier fluid must consider several points: (1) high thermal conductivity;
(2) high specific heat; (3) does not interact with the PCM microcapsules. PCSs can achieve
better heat transfer performance by increasing the area to volume ratio of the PCMs. Thus,
the PCSs, can be used both as thermal storage medium as well as enhanced heat transfer
media, Diaconu et al. [47], Diaconu et al. [48]. Dispersion of PCM microcapsules into the
carrier fluid results in thermo-physical properties of the PCSs significantly different from
those of the carrier fluid. The problem of rheological properties of dilute suspensions is one
of the most challenging in the area of fluid mechanics and it is not completely understood.



Designs 2022, 6, 117

21 of 36

Hydrodynamic interaction of particles, particle-particle interaction, particle rotation, parti-
cle agglomeration are only a few processes that occur in dilute suspension such as PCSs and
render the problem of an analytical model very difficult to tackle. A comprehensive recent
review on the microencapsulated PCSs types, fabrication, properties and applications was
carried out by Ghashemi et al. [121]. The rheological properties of the microencapsulated
PCSs were reviewed by Abdeali and Bahramian [122]. Heat transfer characteristics of the
PCSs were investigated extensively, as follows: Datta et al. [123] studied experimentally
the natural convection in a cubical enclosure filled with a microencapsulated PCM slurry
consisting of Eicosane CygHyy and a mineral oil. It was found that when the enclosure was
heated from below a significant increase of the heat transfer coefficient of up to 80% was
reported for a PCM microcapsules concentration as low as 1%. However, when the PCM
microcapsules concentration increased to 5%, the heat transfer rate dropped below that of
the pure fluid. This was explained by particle agglomeration, resulting in a larger differ-
ence between the diffusive and convective time scales. A complex experimental study was
conducted by Inaba et al. [124]. The microencapsulated PCS consisted of water, surfactant,
and PCM microcapsules. The PCM mass concentration of the microemulsion slurry was
varied from a maximum 30% wt to a diluted minimum 5% wt, and the experiments were
conducted in three subdivided temperature ranges of the dispersed PCM particles in a solid
phase, two phases (coexistence of solid and liquid) and a liquid phase. The results showed
that the Nusselt number increased slightly with the PCM mass concentration for the slurry
in solid phase. In the phase change temperature range, the Nusselt number increased with
an increase in PCM mass concentration of the slurry at low Rayleigh numbers, while it de-
creased with increasing PCM mass concentration of the slurry at high Rayleigh numbers. It
was concluded that evaluation for natural convection became much more complicated, and
cannot be completely described by the Rayleigh, Prandtl and Nusselt numbers. A modified
Stefan number should also be taken into account to completely describe the heat transfer
during the phase change process.

3.1.2. Macro-Encapsulation

The term includes a wide range of techniques to integrate the PCM into the system,
either by using a macro-container or by using the system boundaries to contain the PCM.
PCM macro-capsules are designed in such way that they integrate with the system of
which the thermoregulation is performed. Compared to microencapsulation, the charg-
ing/discharging rate is lower in the case of macro-encapsulation due to the lower heat
transfer area-to-volume ratio, Nazir et al. [125].

Macroencapsulation of PCMs must resolve three main issues:

1. Volumetric expansion/contraction of the PCM occurring during the melting and
solidification, respectively

2. The pressure build-up occurring in the macro-capsule if no proper expansion mean
is provided

3. Chemical compatibility between the PCM and the capsule material
A series of PCM macroencapsulation systems (materials and capsule shape and di-

mensions) are presented in Table 3.
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Table 3. PCM Macroencapsulation systems: materials and capsule characteristics.

Shell Temperature Range . . g
Ref PCM Material e) Shell Shape Capsule Size PCM Mass (g) Operational Cycles Findings
[126] Copper 99.9% Cr-Ni 1050-1150 Cylinder 2 mm 1000 No leakage
269.9
. 28.8
NaNO3, Stainless steel 304. Carbon steel . 50.8, 25.4 mm(Q) Storage performance
[127] NaCl-MgCI2 1018 350490 Cylinder 127,508 mm (height) 20, ¢ 50 maintained
282.5
NaNO3 27.3,75, 39 mm(Q)
[128] N AISI 321 160-270 Cylinder 27.7,77,37 mm 5000 No shell cracking
KNO3 .
(height)
[129] Paraffin Steel 0-36 Rectangular prism 30 x 17 x 2.8 cm 48 h No leakage
NaNO3, KNO3,
NaNO3-KNO3, . .
[130] NaNO3-KNO3-- Polytetrafluoroethylene-Ni 120-350 Spherical 27.43 mm 174 2200 No leakage
LiNO3
. . . 29 mm(J) o
[131] Paraffin Aluminum 30-49.2 Cylinder 35 No leakage at 90 °C

70 mm (height)
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The most frequent use of PCM macro-encapsulation is in the construction sector. Inte-
gration of PCMs into construction elements can be achieved in many forms. The standard
design paradigm is a construction element with hollow spaces that will be filled with
PCM—Figure 13.
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Figure 13. Standard shape of the hollow space (HS) to be filled with PCM. (1) Large rectangular HSs;
(2) cylindrical HSs; (3) rectangular HSs aligned with the long axis; (4) small cylindrical HSs; (5) small

rectangular HSs; (6) rectangular HSs aligned with the short axis.

The design of the hollow space must ensure the mechanical strength of the construction
element and in the same time contribute actively to the desired effect of thermoregulation.
Mukram and Daniel [132] investigated experimentally two types of bricks having the
same dimensions (400 mm X 200 mm x 150 mm) with different shapes of the hollow
space. The first type of brick with a hollow space shown in Figure 13 (1) was filled with
a microencapsulated PCM. The second type of brick studied is shown in Figure 13 (4)
and it was filled with an aluminium container. The two brick design variants achieved
similar thermal management effect. However, it was found that the metal container caused
structural issues to the brick due to the uneven expansion and contraction.

Direct incorporation macro-encapsulated PCM into a clay brick masonry wall was
studied experimentally by Silva et al. [133]. The integration of the macro-encapsulated PCM
into the brick is presented in Figure 14. A special design has been reported by Alawadhi and
Algallaf [134] consisting of a PCM macro-capsules integrated into the roof of a building with
the purpose of reducing the heat flow to the indoor space. The special feature of the system is
the shape of the PCM macro-capsules—cone frustums. The authors listed several advantages
of the cone frustum shape: it affects less the physical strength of the roof compared to other
shapes, the PCM can be replaced/refilled with ease, the shape allows contraction and
expansion during melting/solidification cycles.

Figure 14. Clay bricks and PCM macro-capsules integration, Silva et al. [133] (reproduced with
permission from Elsevier).
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Castell et al. [135] presented an experimental study on integration of a MEP in the
form of a slab as insulation for a brick cubicle. Three brick cubicles were built—(1) reference,
(2) polyurethane insulated and (3) PCM slabs insulated. The authors reported that the PCM
slabs can reduce the peak temperatures up to 1 °C and smooth out the daily fluctuations.
In the summer of 2008, the electrical energy consumption was reduced in the PCM cubicles
about 15%. These energy savings were equivalent with a reduction of the CO; emissions
of approximately 1-1.5 kg/year/m?. A recent review on the geometry and design of
containers for PCMs as well as heat transfer enhancement methods has been conducted
by Zayed et al. [136]. A recent review of MEPs for thermal control in buildings has been
conducted by Rathore et al. [137]. The macro-encapsulation methods, container shape and
integration with the construction elements were discussed. The main challenges of PCM
macro-capsules design and approaches are presented in Figure 15.

m DESIGN STRATEGY DESIGN SOLUTIONS (DS)
N Enhancement of the heat transfer J Capsule shape and material ]__> Shape OPS:ZLZ_:::;L::':;C‘%“ the ’u
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Figure 15. PCM macro-encapsulation design challenges and solutions.DS1: [129]; DS2: [126];
DS3: [138]; DS4.1: [139,140]; DS4.2: [141]; DS4.3: [142]; DS4.4: [143]; DS4.5: [74]; DS4.6: [40]; DS5: [144];
DS6.1: [145]; DS6.2: [146]; DST: [147].

An example of PCM macro-capsules is presented in Figure 16 with spherical macro-
capsule shape and flat containers or bags.
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Figure 16. Commercially available PCM macro-capsules: spheric (left), flat containers and bags
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(right), Mehling et al. [148]. Reproduced with permission from Elsevier.
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3.2. Form-Stable PCMs

Unlike encapsulation, form-stable PCMs do not require a dedicated container to retain
the PCM and prevent leakage and other types of undesired interaction with the environ-
ment. In the case of form-stable PCMs, the PCM is not literally contained but through
physical and chemical interaction with a matrix material, a composite structure results, in
which the PCM stores/releases heat through melting /solidification cycles while the integrity
of the structure is preserved. The problem of volume variation during melting/solidification
is less critical compared to the encapsulated PCMs. However, leakage can occur during
the liquid phase of the PCM if the system is not properly designed. Typical examples of
form-stable PCMs are presented in Figure 17.

Figure 17. Form-stable PCMs: microencapsulated PCM bound to the surface of textile fibres (left);
integrated into textile fibres (middle); plate-shaped composite material with embedded PCM (right),
Mehling et al. [148]. Reproduced with permission from Elsevier.

The PCMs currently used in form-stable combinations are paraffins, fatty acids and
their blends, polyethylene glycol, Kenisarin and Kenisarina [103]. Form-stable PCMs have
several advantages over encapsulated PCMs: better dynamics of the charging/discharging
process, better chemical and physical stability, higher heat transfer area-to-volume ratio.
There is much more flexibility and variety in the choice of materials. The list of matrix
materials mentioned in Figure 2 only includes the main ones but new materials are added
continuously as the research in the field progresses.

A recent review article Gao [149] identified five types of PCMs integration mechanisms
into a matrix material: (1) layered packaging, (2) tubular packaging, (3) porous packaging,
(4) core—shell packaging and (5) network packaging.

A. Layered-packaging/Tubular packaging. Zhang et al. [82] designed a process represented
schematically in Figure 18 to prepare (Kaol)—cetyl trimethylammonium chloride inter-
calation compound (Kaol-nanotubes) through the intercalation method and ultrasonic
treatment. This material was used to prepare a SA /Kaol-nanotube composite form-
stable phase change material (FSPCM) using a vacuum impregnation method. It was
found that after the modification, the morphologies of some of the lamellar structures
in the Kaol changed from nanoplates to nanotubes. Hence, the melted stearic acid easily
adhered to the surfaces of the Kaol-nanotubes by physical effects, which included surface
tension, hydrogen bonding, and the capillary forces during the phase transition.
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Figure 18. Preparation of the Kaol-nanotubes process [82]. Reproduced with permission from Elsevier.

B.

Porous packaging. Yang et al. [150] prepared a form-stable PCM through high-temperature
expansion at 800 °C for 60 s, the over-dried flake graphite was developed into ex-
panded graphite and cooled down naturally in a desiccator. PEG was configured as
20% anhydrous ethanol solution which was blended with EG by spray at mass ratios
of 6:1,7:1,8:1,9:1,10:1 and 11:1. The samples were subject to a thermal treatment in a
vacuum oven at 85 °C for 12 h under pressure of 0.1 MPa. After the vacuum adsorption
process, the PEG/EG PCMs were prepared. The process stages are shown in Figure 19.

o'

Expansible Polyethylene glycol EG expansion degree:
graphite (PEG)

Weak =———> Strong

High temperature Melting blend

expansion

m,\ 2 Vacuum physical ba
o T _x absorptlon J y -
65D LB T
o 4 .. A
S ,
Expanded graphite ].ntemal stucture of EG PEG/EG phase change material
(EG)

Figure 19. Preparation of PEG/EG PCM [150]. Reproduced with permission from Elsevier.

C.

Core-shell packaging. Yi et al. [151] used MMT nanosheets (2D-MMT) to encapsu-
lating SA latex particles resulting in composite PCMs with very thin shell and high
content of core material prepared through the self-assembly of positively charged
MMT nanosheets on the negatively SA latex surfaces under a strong electrostatic
attraction, leading to the formation of a core—shell structural composite PCM. The
microstructure, thermal performances and cycling stability of this 2D-MMT/SA com-
posites have been investigated through FTIR spectroscopy, SEM, DSC, zeta potential
measurement and thermal constant analyser. The experimental results have shown
that 2D-MMT/SA composite contained high mass fraction (>80%) of SA due to the
very thin MMT nanosheets shell. This feature resulted in a high latent heat storage
capacity of approximately 185 J/g). In addition, the thermal conductivity of this PCM
composite can reach to 159.46% of SA at most on account of the relatively high thermal
conductivity of MMT nanosheets.

Network packaging. Wang et al. [152] fabricated three-dimensional palygorskite carri-
ers (TDI-HO-Pal, “HO” stands for different diol molecules) with different pore size by
the reaction of isocyanate functionalized palygorskite with dihydric alcohol through
a process presented in Figure 20. It was found that by coupling the mineral with
isocyanates, it could be grafted by substances containing active hydrogen atoms, or
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cross-bonded with dihydric alcohols or binary amines. The phase change temperature
and phase transition enthalpy of SA/TDI-HO-Pal showed a size dependent prop-
erty. The melting temperature and fusion latent heat increased with the enlargement
of the support pore size. The thermal storage properties of SA/TDI-HO-Pal were
significantly higher than that of SA/Pal, increased by 67.4% to 100.7% within the
experimental range.
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Figure 20. TDI-HO-Pal formation process [152]. Reproduced with permission from Elsevier.

A reference review work reviewing the PCMs/structure material pairs to fabricate
form-stable PCMs has been conducted by Kenisarin and Kenisarina [103]. A recent compre-
hensive review on the mechanisms that contribute to integration of PCMs into the matrix
material has been conducted by Zhang et al. [153]. The three main types of mechanisms
reported in [153] were covalent bonding, core-shell encapsulation and physical adsorp-
tion. Recent studies report the development of new form-stable PCMs: Yin et al. [154]
developed a new kind of PCM micro topological structure—polyrotaxane. The structure
of polyrotaxane was fully confirmed by 1H nuclear magnetic resonance, attenuated total
reflection-Fourier transform infrared and X-ray diffraction. Then, the tensile properties,
thermal stability in the air, phase change energy storage and shape memory properties
of the films were systematically analysed. The results showed that all the mechanical
performance, thermal stability in air and shape memory properties of polyrotaxane family
were enhanced significantly compared to those of polyethylene oxide.

Form-stable PCMs are widely used in the building industry as passive elements to in-
crease the heat storage capacity of the building envelope elements or internal partition walls
and elements. Integration of various organic PCMs into plaster wallboards to obtain form-
stable PCM structures was studied experimentally by Maleki et al. [155]. Nano-capsules
containing phase change material n-dodecanol as core and polymethyl methacrylate and
copper oxide nanoparticles as shell were synthesized by mini-emulsion polymerization.
The physical properties of the form-stable PCM were characterized by using FTIR, SEM,
TEM, DSC, TGA and laser particle diameter analyser. The plaster—nano-encapsulated PCM
composites were produced using compression moulding. The thermo-physical properties
investigated were effective thermal conductivity, latent heat and apparent specific heat.
Soo et al. [156] prepared a silicone-octadecane PCM composite by using silicone rubber
cured by a two-part system and n-octadecane with chemical purity 98%. Form stability,
leakage and mechanical tests were carried out. Leakage tests showed minimal leakage
for 50% octadecane loading samples (500ct-5i) at 2.44%, and the composites eventually
retained about 46-48% of the PCM.

The heat transfer process in the case of form-stable PCMs is more complicated than in
the case of encapsulated PCMs. For this reason, most studies focus on experiments rather
than modelling. Analytical/numerical modelling of the heat transfer in composite PCMs is
usually based on simplifying assumptions. Dobri et al. [157] developed a semi-analytical
model to describe the transient heat transfer in a PCM composite material consisting of
micro-encapsulated paraffin as PCM and gypsum plaster as matrix material. The main sim-
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plifying assumptions were: (1) paraffin micro-capsules were spherical and (2) the paraffin
micro-capsules are small enough relative to the thickness of the wall, and therefore at each
time instant each particle is surrounded by a spatially uniform, time-dependent matrix
temperature. Simulation results elucidated the impact of the particle radius and interfacial
resistance on the transition at the end of the thermal management phase. Simulations of
cyclic environmental temperatures more relevant to building applications demonstrated
that PCM volume loadings as low as 5% can reduce the energy demand of a HVAC system
by 15 to 20%.

The choice of the PCM impregnation into the support material method depends on the
physical characteristics (pore size and pore density) of the support material and the PCM.
A literature survey revealed several PCM impregnation methods, as presented in Table 4.

Table 4. PCM impregnation into the support material. Methods and materials.

Reference Method Adsorption Rate Support PCM
[158] Vacuum 85% Porous carbon PEG
[159] Sintering NaCl, KCI, MgCl, Eutectic salt chloride
. o . K,HPO,-3H,0-
[160] Adsorption 81% Expanded graphite NaH,PO,-2H,0-Nay$,O5-5H, 0-HrO
[161] Adsorption - Expanded graphite KNOj3-LiNO3-Ca(NOs3),
S . o . LiNO3-KCl, LiNO3-NaNO3
[162] Solution impregnation 82% Expanded graphite LiNOs—NaCl
Vacuum-assisted melting infiltration 97% .
%31 Hydrothermal reductio 86% Graphene oxide PEG-6000

4. Conclusions and Future Research

Latent heat storage using PCMs is a mature technology with many commercially
available applications in a large range of economic sectors. The interest for developing new
PCM-based products and technologies and improve the existing ones is best illustrated
by the surge in the number of journal publications during the interval 1990-2020 (from
approximately 20/year to more than 800/year) and patents in the same interval (from
1/year to more than 35/year) as the bibliometric analysis performed by Nazir et al. [125]
shows. The flexibility of the PCM-based systems, materials availability and cost, and the
need for solutions to increase the energy efficiency triggered the ever-increasing interest for
PCM applications.

In the same time, there are features and issues that require further research and insight:

PCM sustainability and economic considerations. Environmental impact and lifecycle
related concerns were surveyed in a recent review conducted by Aridi and Yehya [163].
The main research directions related to PCM sustainability were (1) the economic and
environmental effects of PCMs, (2) system efficiency (3) energy intensity to produce various
PCMs (4) lifecycle process from cradle to grave and (5) social impact. Jahangir et al. [164]
employed the commercial software DesignBuilder to examine the technical and economic
effects of adding PCM-based TES to greenhouses. It was concluded that significant savings
can be achieved both during summer and winter. The environmental analysis demonstrated
that the carbon footprint reduction depends on the location of the greenhouse, with the
highest value of 8.6 tons/year. The PCM type was another factor that influenced the carbon
footprint. Economic analysis demonstrated that during the project lifetime, cost savings
ranging from 34.4 to 59% could be achieved. Souayfane [165] investigated energy and
economic analysis of the application of an innovative translucent insulated wall combining a
transparent insulation material and a PCM. Depending on the location of the building, it was
found that the energy savings could not recover in a reasonable time the investment while in
other locations the payback period was significantly lower.

The literature reports on sustainability and economic issues related to PCM are scarce
and somewhat contradictory, as presented in the examples above. The problem of sustain-
ability and economic issues is rendered more complicated by the interacting volatile factors:
energy and capital costs and macroeconomic indicators.
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Health and safety. A literature survey attempting to identify studies on the health
risks associated with implementation of PCM-based systems revealed a relatively small
number of research or review articles. Singh et al. [166] examined potential nanomaterial
releases and occupational health risks across the lifecycle of nano-enabled building mate-
rials (insulation and coating). Commonly occurring degradation scenarios of (a) sanding
(mechanical), (b) incineration (thermal), and (c) accelerated UV-aging (environmental)
followed by incineration. Extensive physicochemical characterization of the released LCPM
was performed. The LCPM2.5 aerosol size fraction was used to assess the acute biologi-
cal, cytotoxic and inflammatory effects on Calu-3 human lung epithelial cells. RNA-Seq
analysis of exposed cells was performed to assess potential for systemic disease. Findings
indicated that release dynamics and characteristics of LCPM depended on both the nano-
enabled building materials composition and the degradation scenario. A review conducted
by Chandel and Agarwal [167] aimed to identify studies on less attractive PCM-related
topics but nevertheless important, such as toxicity, health hazards, fire retardation and
market penetration.

Fire hazard. High flammability is a major concern for organic PCMs limiting their
integration in life-critical systems. A literature survey on the topic of PCMs fire safety
related issues returned relatively little results compared to the mainstream topics such as
energy efficiency and thermal control. Even less studies were identified regarding means
to implement fire risk mitigating strategies. The research articles identified on the topic of
fire safety focus mainly on PCMs-enhanced construction materials. McLaggan et al. [168]
conducted an experimental study assessing the behaviour of a plasterboard containing
MEPCMSs under realistic fire scenarios. The study aimed to establish the values of the critical
heat flux, mass loss rate, heat release rate, time to ignition and temperature evolution of the
product at various relevant heat fluxes. It was found that these materials will behave similarly
to charring solids and have the potential to contribute significant fuel to a compartment fire. A
recent review conducted by Png et al. [169] described the main FRs compatible with common
PCMs and methods to reduce the flammability of PCMs. A series of interesting conclusions
were drawn: (1) inexpensive and less efficient heat absorbers FRs require loading the
PCM up to 50%, which reduces their efficiency in storing thermal energy; (2) halogenated
FRs are significantly more efficient but their high potential in ozone depletion limits the
applicability; (3) IFRs, which work by forming a foam and char layer on the surface,
preventing the underlying material from further exposure to ignition, offer a trade-off
between efficiency, economic and environmental costs. Another important conclusion—
suggesting a potential research direction—is that no general FR solution exists which is
effective for a large variety of PCMs; instead, each specific type of PCM requires a specific
optimized FR solution.
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Nomenclature

ASHW Active Solar Heating Wall

CA Capric Acid

CCPCM Cement-based Composite Phase Change Material
CFD Computational Fluid Dynamics

CNF Chitin Nanofibers

CTES Cold Thermal Energy Storage

DC Data Center

DHW Domestic Hot Water

DsC Differential Scanning Calorimetry

FTIR Fourier Transform Infrared Spectroscopy
FR Flame Retardant

GSHP Ground Source Heat Pump

GW Gypsum Wallboard

HVAC Heat, Ventilation and Air Conditioning
LA Lauric Acid

LCPM Lifecycle Particulate Matter

LHS Latent Heat Storage

LHFTF Latent Heat Functional Thermal Fluids
MA Myristic Acid

MDI Methylene Diisocyanate

MEP Macro-encapsulated PCM

MEPCM Microencapsulated Phase Change Material
MFCPCM  Photovoltaic-Metal Foam /Paraffin Composite PCM

MMT Montmorillonite
OSsSs Organic Silicon Shell
O/W Oil-Water
PCM Phase Change Material
PCMSW Phase Change Material Energy Storage Wallboard
PCS Phase Change Slurry
PEG Polyethylene Glycol
PMMA Poly(methyl-methacrylate)
PSD Particle Size Distribution
PV Photovoltaic
SA Stearic Acid
SEM Scanning Electronic Microscopy
SSPCM Shape-Stabilized Phase Change Materials
TE Thermoelectric
TEM Transmission Electronic Microscope
TES Thermal Energy Storage
TESC Thermal Energy Storage Concrete
TGA Thermogravimetric Analysis
VRC Variable Resistance—Capacitance
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