A Recent update of phase change materials (PCM’s) in
cooling application

Ahmed H. N. Al-Mudhafar %, Ali Lateef Tarish 2
{E-mail address: alalahmed@stu.edu.iq®, alialali@stu.edu.ig®}

Thermal Mechanics Eng. Dept., Eng. Technical College-Basra, Southern Technical University, Basra,
Irag™?

Abstract. The use of indirect evaporative cooling in dry weather conditions to charge phase change
materials (PCMs) storage systems can reduce overall energy consumption. Lower thermal conductivity is
the main limitation of PCM, so a suitable technique must be used to enhance thermal conductivity.. Studies
showed that the selection of PCMs for free cooling applications is critical because it depends on the outside
temperature at the charging period. Therefore, the outside temperature should be lower than the
solidification temperature of the PCMs during charging, and the melting temperature should be lower than
the inside temperature during the discharging process. The objective of this review article is to evaluate
current phase change materials applications in cooling systems. The investigations about the application
of PCMs in cooling systems undertaken by different researchers will be described in this article. Free
cooling and heating system using building envelop, free cooling and heating using Air Handling Unit latent
heat thermal storage systems, air conditioning, and refrigeration systems are discussed briefly. About 35%
of these studies used PCMs used in roofs, ceilings, and attics. Moreover, 6% of studies used PCMs on the
floor, so there is a need for future studies about the application of PCMs on the floor to storage energy at
off-peak load hours and release it at peak load hours to reduce energy consumption costs. The results in
the literature showed that using PV-PCM in the attic can reduce up to 55% of the attic cooling load. PCMs
can store a large amount of coldness during the phase change process which takes place at a constant
temperature, so it is appropriate to use in the building.

Keywords: PCMs; thermal storage; building envelop; free cooling; air conditioning.

1 Introduction

Nearly 40% of worldwide carbon dioxide emissions and energy consumption result from
the urban sector [1]. Most of the energy used is towards cooling and heating, thus reducing such
consumption could improve the emissions of greenhouse gases in terms of using phase change
materials (PCMs) to store and release thermal energy [2]. PCMs are materials that have strong
heat performances and constant temperature [3-4]. As the substance changes its phase from
liquid to solid or from solid to liquid thermal energy is released or absorbed [5]. PCMs are
capable of storing a large amount of energy, therefore it is appropriate for use in buildings [6];
and improving heat energy storage [7] and their related discharing process using PCMs [8, 9].
The low thermal conductivity is one of the main drawbacks of the PCMs which reduce their
heat transfer efficiency [10]. There are many advantages of integrating PCMs in the building
that can be found in [11-13]. Cooling systems derived by solar is an attractive technology
because of its availability and friendliness to the environment. Cooling produced by solar-driven
equipment cannot correspond to the demand because of the periodic nature of solar energy [14].
To increase the efficiency of the system thermal energy storage (cold or hot) system is needed
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to integrate with the solar cooling system [15, 16]. LHTES is more suitable than sensible energy
storage because of the large storage energy densities with a small variation of volume and
temperature [17, 18].

This paper focuses on latent heat thermal storage systems which are used to store heat
or cold in PCMs. The purpose of this article is to review the current application of PCMs in
cooling systems. These applications are divided into four groups, namely: free cooling and
heating system using building envelope, free cooling and heating using air handling unit based
on heat thermal storage, air conditioning, and refrigeration systems.

2 Free cooling and heating concept with applications

The operating principle of free cooling using PCMs is by storing heat from the building
interior in the day time and then releasing heat in the night as shown in Fig. 1 which takes place
at the relatively low-temperature difference. The PCMs solidified the operation process from
daytime and night [19]. This process shows its importance in Iraq in which 15 degrees difference
could exist [1, 20]. The next section discusses the applications of PCMs in-wall, roofs, ceilings,
attic, and floors.

Fig. 1. PCM “free-cooling system”: (left) PCM at night, (right) during the day.
2.1. Application of PCM in walls

Gracia et al. [21] experimentally tested two similar buildings one only one with ventilated
facade to drop the thermal variations to prevent overheating or used to storage free cold at night.
To change the operating mode of the facade six automatic opening gates were used. The study
highlighted the efficiency of night-free cooling in reducing building cooling load. The system
could provide air temperature below the set point temperature during summer conditions. Diarce
etal. [22] used Fluent software to develop a 2D CFD model to study ventilated fagade containing
PCM on its outer surface as represented in Fig. 2. Moreover, a test room was built and integrated
with a ventilated facade. The results indicated that for the ventilated facade it was suitable to
consider PCM as a solid material with variable specific heat and neglect the effect of its phase-
change during solidification and melting. The developed CFD model could be used to model
ventilated facade with or without PCM with good accuracy compared to experimental data.
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Fig. 2. The developed facade [22].

Building of light weight discussed by Barzin et al. [23] using PCM-impregnated gypsum
boards in New Zealand for two tests. Charging coldness by utilizing night ventilation and free
cooling enhanced the efficiency of using PCM as a cold storage system. The results showed that
73% of electricity was saved during one week period by using this method. The study
recommended using this method to store cold energy in office buildings by using night
ventilation during off-load hours. EnergyPlus software is used by Lei et al. [24] to illustrate the
thermal variations in tropical weather (Singapore), in which the results achieved 21-32% of heat
gain. The proper selection process of suitable phase change temperature is critical for PCM. The
study highlighted that installing PCM in the exterior surface of exterior walls is preferred in
tropical regions compared to interior location because it uses outside free night cold to solidify
which lead to a reduction in cooling energy consumption. The results highlighted the advantage
of using PCMs in tropical areas compared to other regions because it can reduce the cooling
load through building envelop during the whole year, while in other regions PCM is only active
in specific seasons. Experimental results by Principi and Fioretti [25] were compared with
numerical results and showed similar dynamic performance. Sayyar et al. [26] developed
composite nano-PCM and incorporated it into gypsum wallboard by using sandwich
construction. The experimental results showed that using nano-PCM wallboard shifts the peak
load and reduces the temperature fluctuations inside the room (18.5-26.5-C) compared to (13—
324C) for a room that used commercial drywall panels.

Lachheb et al. [27] developed a new gypsum matrix integrated with PCM to improve
thermal storage in building materials. The gypsum matrix developed by Lachheb et al. [27] was
produced by placing 24 copper tubes inside an aluminum mold (Fig.3 left), then a pasty mixture
of gypsum and water was poured into the mold. The formed composite PCM-gypsum board has
20*20*1 cm? dimension as demonstrated in Fig. 3 right. The energy storage performance of the
PCM-integrated gypsum board was experimentally evaluated to compare it with conventional
gypsum board without PCM by using the transient guarded hot plates method. Moreover, PCM
leakage during the liquid state was prevented by using copper tubes. Evola et al. [28] proposed
a new methodology to study the effect of using PCM on improving building thermal
performance in the summer season. This methodology was based on some statistical indicators
which included: frequency of thermal comfort (FTC) and intensity of thermal discomfort (ITD)
for occupants. To test this methodology EnergyPlus program was used to simulate the summer
thermal performance of using PCM panels in three partitions walls of a central room located in
a lightweight office building by using Chambéry (France) weather conditions. The simulation
was performed twice for the same building, the first simulation was for building without using



a PCM panel in its partition and the second was by using PCM on the interior surface of its
partition. Simulation results showed that the ITD reduced by about 35% by using PCM panels
with a suitable night ventilation strategy, while the FTC reached 60% at (8 ACH) compared to
52% for a case without PCM. Researchers highlighted that the proposed methodology is suitable
to help in choosing the suitable PCM depending on thermal comfort requirements and climate
conditions. Castell and Farid [29] experimentally validated the previous four indicator
methodology used by Evola et al. [28], which tested only for simulation results. The
methodology was validated experimentally by incorporating PCM in concrete, timber, and
brick. The results showed that the methodology was effective for lightweight buildings without
insulation and high heat gain. But it failed for well-insulated massive buildings with low heat
gain. The intensity of thermal discomfort (ITD) indicator was found to be the most effective
indicator to evaluate the benefits of using PCM compared to other parameters used in the
proposed methodology. Additionally, the ITD indicator was modified to take into account a
range of temperature levels for thermal comfort depending on the season rather than a single set
temperature. The frequency of thermal comfort (FTC) indicator was not suitable for buildings
conditioned by the HVAC system, since these systems provide thermal comfort for all hours.

Fig. 3. Copper tubes included inside the mold (left); Copper tubes filled with PCM (paraffin) integrated
inside gypsum panel (right).

2.2. Application of PCM in roofs, ceiling, and attic

Thermal stabilities were studied by Chung et al. [30] using different PCM-doped tile roof.
Experiments were carried out in artificial summer weather conditions and actual winter
conditions in South Korea. The results showed that PCM-doped roof tile can reduce the cooling
load in the summer season and also reduce the heating load in winter conditions. Additionally,
it reduces the indoor temperature in summer and increases in winter. Dong et al. [31]
investigated the same subject but in roofs of residential buildings and compared to others. Many
factors, such as roof slope, melting temperature and latent heat of PCM and PCM layer thickness
were studied. The results showed that the PCM roof delays the time of peak temperature 3 hours
compared to the common roof. By increasing the slope of the roof, the solid fraction of the PCM
layer increases, and the heat flux and the average temperature of the roof decrease. The increase
in the PCM layer thickness leads to an increase in the delay time of peak temperature. Kos ny
et al. [32] tested the thermal variations of PV-PCM attic and then establish a new control asphalt
shingle roof. This roof work as a passive solar collector during winter, where store solar heat
during the day and release it during the night. Kos'ny et al. [33] used the ESP-r program to
present the effects of attic insulation encompassing and its condensed and dispersed PCM for
the residential building located in Arizona, USA. The outcomes of this study showed that the
best location of condensed PCM was under the attic floor insulation. Combination of PCM with
attic insulation reduce the peak cooling load by more than 25% and shift it compared to the roof



without PCM with equivalent R-value. The blends of thermal insulation with PCM showed its
potential for thermal energy storage. Simulation results showed that compared to non-PCM
insulation the thick layers of PCM-enhanced insulation can produce a passive cooling effect by
reversing the direction of heat flow. Kong et al. [34] studied the thermal performance of
integrating PCMs in building envelopes. Results showed that the walls can keep the inside room
temperature lower than the reference room without utilizing PCM. Zhou et al. [35] numerically
simulated using shape-stabilized phase change materials (SSPCM) with 76% improvement in
terms of power consumption with the case without night ventilation and SSPCM. The fan
electrical COP for night ventilation increased from 6.5 to 7.5 by using SSPCM. Passive control
cooling system for residential buildings was found more effective by Jiao et al. [36] using the
Energy Plus program. The computed results in terms of one layer PCM was effective compared
to a multi-layer PCM ceiling. Additionally, the phase change temperature of PCMs closer to the
monthly average outside air temperature (27 °C in this case) leads to lower indoor temperature.
Moreover, superior heat transfer was achieved by using PCM with high thermal conductivity
and low thickness.

2.3. Application of PCM in floor

The energy consumption can be reduced using PCM but this relatd heavily on the weather
conditions, the position of PCM, the melting point, and the daytime and night temperature.
Ceramic tiles were embedded with PCM to enhance building thermal levels by Novais et al.
[37]. Test data presented shows a 22% reduction in temperature and improve thermal
performances. The wrong use of PCM could lead to an increase in energy consumption. The use
of PCM might decrease the load and leads to reducing the cost of air conditioning devices. The
night ventilation enhances the performance of PCM by utilising free cooling from the outside
air. The use of PCM integrated with a building envelop outperforms thermal stability during the
operations hours in the daytime. This has also confirmed the surface temperature in urban areas
can be reduced.

3 Air Handling Unit latent heat thermal storage systems

Thermal storage technique can store and release coldness inside indoor environment during
day time or used to store hotness at daytime and then released. The electric energy can be
reduced in the future building when load demands at the off-peak are conisdered.

3.1. PCM-cooling storage unit charged by using outside cold at night

The thermal enactment of a window of an office using a PCM-cooling unit is discussed by
Xiang and Zhou [38]. The unit is used to store the free outside cold and release it to the interior
during the day. The operation principle of this unit is shown in Fig. 4. The effects showed that
the optimum size with night ventilation could decrease inside the room by 3.3 °C with an 8.7
energy efficiency ratio. Compared to a conventional AC system of similar with the same size,
the system could save 1.9 kW in 1 h that can be recorded as agood advantage.
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Fig. 4. Cooling unit (grey arrows for air movement and red arrows for air movement in day mode.

The thermal performance of using latent heat thermal storage is investigated by Osterman
etal. [39] in an office building. It is observed that high variation of solar heat of about 142 kWh
of annual energy consumption could be saved in office buildingstested the thermal performance
is studied using multi-PCM by Mosaffa et al. [40-41].. Results showed that decreasing air inlet
temperature during the cold charging process increases exergy efficacy. Navarro et al. [42]
experimentally studied incorporating PCMs in a new prefabricated concrete slab (active slab)
system to use it as a cold storage unit for active cooling. The active slab contains PCM inside
its hollows. During the daytime, the cold is released to the interior ambient air by heat exchange
with PCM. The results showed that between 15%-55% of cooling energy could be saved by
using this technology compared to reference slabs without PCM. Sun et al. [43-45] developed
latent heat PCM-cold storage unit to store free cold at night and used it to cool
telecommunications-based stations (TBSs). A mathematical model was developed to simulate
the application of this system in different weather conditions. Results showed that 50% of annual
cooling energy consumption was reduced in the different climatic regions. Raj and Velraj [45]
considered the PCM by applying shell and tube heat. The results showed the module improves
the heat transfer 1 m/s heat velocity and an increased of 2 m/s of the solidification time. Tyagi
et al. [46] tested the thermal performance of using PCM thermal energy storage for space
cooling or heating of building at the typical climate in India. Calcium chloride hexahydrate was
used as a PCM. The results showed that (TMS-1) was more effective for space cooling compared
to the (TMS-I11), While the (TMS-I1) was more effective compared to (TMS-I) for space heating.
Hasse et al. [47] studied using an aluminum honeycomb panel filled with PCM in which the the
thermal inertia of honeycomb samples filled with PCM was larger compared with water or air-
filled samples.

3.2. PCM cold storage unit charged by using indirect evaporative cooling

Using a concealed heat thermal energy storage system can decrease cooling energy
consumption and restore comfort. However, this system depends on the local weather data and
it is preferred to use in locations with high-temperature fluctuations between daytime and night
in summer. Jaber and Ajib [48] studied the performance of the cooling scheme using a PCM
called indirect evaporative and storage unit (IESU). This system consisted of a heat exchanger
filled with PCM and an indirect evaporative cooling system. This unit with optimum size could
reduce the cooling energy by 80% from the conventional AC system. The optimum PCM
melting temperature to use in this system for Amman climate was 20 °C. The use of evaporative
cooling to charge PCMs cold storage systems can reduce energy consumption, especially in dry



weather conditions. There is a need to produce a prefabricated cold storage system integrated
with PCMs because it is easy to integrate into the building structure. Due to the low energy
consumption of PCMs cold storage systems compared to conventional schemes, that is operated
by a portable generator. So it can be used in locations that are not served by the electrical
network.

4 Air conditioning and refrigeration systems

Thermal cold storage systems by using PCMs can be used for storage of cooling for off-
peak cycles [49]. This reduces energy consumption and makes the system more energy efficient.
This improves the peak cooling load and the ability of the cooling system including cost [50].
They also applied for the storage of cold energy from air conditioning systems when operating
from solar energy sources and the stored cooling can be used during sunset.

4.1 Application of PCM in the freezer and refrigerated vehicle

Oro” et al. [51] investigated food storage champers using PCM to state the system operation
faults. Liu et al. [52, 53] tested a new cooler system using PCM thermal storage unit (PCTSU).
Simulation results indicated that temperature or mass flow rate increased linearly with heat
transfer fluid leads to a faster melting process of PCM and increases the heat transfer rate. The
PCTSU is represented in Fig. 5. The results showed that the cosr reduced by 86.4% compared
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Fig. 5. Proposed refrigeration system [50].
4.2. Application of PCM store off-peak cooling from cooling systems

Bruno et al. [54] numerically studied using off-peak PCM-thermal storage and how the heat
transfer passed through tubes and the tank. The unit was used to store cold from the chiller at
the off-peak cycle. The result stated that 13.5% of cooling energy was saved with melting
temperature of 10 °C. The increasing cold discharging is also found important for load shifting.
Li et al. [55] studied the new type of PCM (HS-E2) used in direct contact PCM-cold storage
tank to store cold for air conditioning unit. It is observed that charging time and charging
capacity increased by decreasing the heat transfer fluid inlet temperature and increasing the
PCM flow rate. DSC measurements for this new PCM (HS-E2) showed 173.5 kJ/kg latent heat
and its solidification temperature was 7.03 °C, so it is suitable to use for thermal storage with
conventional AC systems. Experimental data showed a similar trend with numerical results and
their variation was about 7%. Moreno et al. [56] included the heat pump to shift peak cooling
load for building by store cold at an off-peak time. The TES tank was used to store cold from
the heat pump and use this cold for building cooling. The result showed that PCM storage tank



supply 14.5% colder and keep the inside temperature within 20.65% thermal comfort. The
charging time of the PCM tank with 4.55 times the charging time. Chen et al. [57]
experimentally investigated using a PCM cold storage tank coupled with an evaporator of an
ejector cooling unit. The results showed that the ejector cooling COP was stabilized by using a
storage tank. Additionally increasing heat transfer fluid flow rate was led to reducing the
effectiveness of charging and discharging. Zhai et al. [58] developed a PCM-cold storage unit
by using (lauric and capric acid) PCM with (14.97 °C) melting temperature. The PCM testbed
operated with a pipe of copper finned with a diameter of 2 cm surrounded by a cylindrical
container with 50cm long and 11cm diameter. The outcomes showed that the experimental
finned unit was reduced by more than 70%. The TC of PCM is powered by using fins and this
reduces the phase changes.

5 Conclusions

The use of PCMs in building envelopes was more beneficial since heat from the building
takes place through the building envelope. The main reason for using PCM in building envelop
is its capability to storing heat with fixed temperature. PCMs used in walls, roofs, ceilings, attic,
and floor. More than 50% of these studies used PCMs in walls due to their large surface areas
and higher energy consumption in walls. About 35% of these studies used PCMs in roofs,
ceilings, and attics. And 6% of studies used PCMs on the floor, so there is a need for future
studies about the application of PCMs on the floor to store energy at off-peak load hours and
release it at peak load hours to reduce energy consumption costs. The thermal performance of
PCMs depends on the climatic condition, so PCM should be carefully selected depending on its
melting and solidification temperature suitable for local climate conditions. In most of these
studies, the cooling energy consumption was reduced and in some of them, the reduction
reached 100%. The peak load was reduced by more than 20%. And indoor temperature
fluctuation reduced by more than 20%. The application of PCMs in a building depends on
weather conditions and in the previous studies presented in this paper about 50% of these studies
were conducted in the USA and European countries and more than 30% in China. So for future
studies, there is a need for more studies in other climate regions like Middle East countries.
There are many simulation programs used in the previous studies from this programme: Fluent,
Energy-Plus, COMSOL, and ESP-r. Fluent was used for more than 30% of numerical
simulation studies and the Energy-Plus programme used more than 30% of these studies.

By using PCM as a storage system for free cooling applications in buildings, the outside
cold can be stored in the PCM and this cold can be released to the indoor during the hot day
hours. This technology can lead to reducing consumption of the energy and the gases emission
of greenhouses. But to apply the free cooling technique variation between night and day
temperatures must be found. So the free cooling systems depend on the weather data and the
melting temperature of the PCM used for storage cooling. For free cooling applications by using
building envelop PCMs melting temperature used in the literature range from (16-30 °C). Using
PCM to store cooling and heating can lead to reducing the cost of electricity bills by reducing
energy consumption in cooling or heating and by shifting the peak load to off-peak hours.
Charging the cold storage system which contains PCM during the coldest part of the night can
reduce the energy consumption of the system because the cooling system which is used for
charging works more efficiently at night. For free cooling applications by using latent heat
thermal storage PCMs phase change temperature used in the literature range from (2-15 °C).
Using indirect evaporative cooling in dry regions to charge PCMs in cooling can reduce up to



80% of energy consumption compared to the traditional system. The literature showed that using
PV-PCM in the attic can reduce up to 55% of the attic cooling load. PCMs can store of coldness
while in teh change process which takes place at un-varied levle of temperature, so it is
appropriate to use in the building.
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