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ABSTRACT

In this work, the application of a PCM cooling system for hot climate applications
is investigated. A novel design proposes the utilization of PCM panels to reduce the
energy demand on an air-cooling system by absorbing a proportion of the thermal
load. The system not only contemplates the application of the S27 PCM panels for
indoor cooling but also considers a PCM-TES box to enhance the cooling performance.
The experimental evaluation focused on two operating schedules, during daytime
the environmental temperature was considered at 30°C, and at night-time, the
temperature was reduced to 25°C. The results found an indoor average temperature
difference of 1.8°C with the addition of the PCM panels. In terms of energy savings,
the chiller energy consumption was positively impacted as the PCM reduced the
operational time.
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1. INTRODUCTION

Worldwide the increase in energy demand required by the
building sector has led to the adoption of smart strategies
towards mitigating the effect of climate change and
high-energy consumption. In this regard, energy efficient
buildings are considered to consume less energy while
maintaining or even improving the comfort conditions
for their occupants. The implementation of energy
efficient solutions is pivotal as the global energy demand
is expected to increase by 50% in 2050 (Marin et al.,
2016). Furthermore, the energy consumption for cooling
is expected to increase sharply by 2050-by almost 150%
globally, and by 300% to 600% in developing countries
(Weinldder et al,, 2017). For this reason, energy efficient
buildings not only reduce the environmental impact but
are also economically sustainable and resilient. This has
created a growing concern within the Nigerian context,
creating the first Building Energy Efficiency Guide (BEEG)
in 2016, while the Nigerian Building Energy Efficiency
Code (BEEC) was first launched in August 2017 (Ochedi
& Taki, 2021).

Nigeria faces an acute shortage of housing stock
with up to 16 million housing deficits. The construction
sector is growing fast in Africa due to the increase in
population, with a projection rate of 3.7% for urban
dwellers (Micklethwait & Wooldridge, 2014). Previous
housing units in Nigeria have not considered sustainable
measures to reduce the energy demand and provide
thermal comfort. For this reason, there is an urgent need
to encourage the design of buildings that are responsive
to the local microclimate, in order to mitigate the effect
of climate change (Ochedi & Taki, 2021).

A novel design framework for energy efficient
residential buildings in Nigeria is expected to produce
thermal comfort and decrease energy consumption. In
this regard, the application of thermal energy storage
(TES) systems is a potential solution for the Nigerian
climate. Thermal energy storage systems can create a
balance between diurnal and nocturnal energy demand
using latent heat thermal energy storage (Saffari et al,,
2017). The integration of phase change materials (PCM)
in building components is a method that can improve the
energy efficiency of cooling systems, representing a high
potential due to its high energy storing capacity (Elsanusi
& Nsofor, 2020; Weinldder et al., 2017). The application
of thermal storage represents great importance as
it can assist with temperature fluctuations, resulting
in a reduction in the heating and cooling demand
(Panayiotou et al.,, 2016).

In general, phase change materials have been
employed to enhance the building thermal mass,
therefore resulting in better occupant comfort and energy
savings. PCMs focus on latent heat storage by storing the
heat, modifying the physical state of a substance from
one state to another by melting or vaporization (solid to
liquid or liquid to gas and vice versa). Ideally, the phase
transition is being done at desired operating temperature
range. Changes in the material phase can be classified
into four states: solid-solid, solid-liquid, gas-solid and
gas-liquid (Akeiber et al., 2016). There PCMs transitioning
from solid-liquid phase change are mostly applied due
to a variety of advantages, such as presenting a small
volume change, compactness and easy handling (Zhang
etal,, 2016). Figure 1 presents the latent and sensible heat
storage variation with temperature in the solid-liquid state.
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Figure 1 Latent and sensible heat storage variation with temperature (Mehling & Cabeza, 2008).
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The PCM are commonly classified as organic, inorganic
and eutectic. The commercially available PCMs, along
with their classification, advantages and main drawbacks
for building integration has been widely investigated
(Akeiber et al., 2016; L. F. Cabeza et al.,, 2011; Jelle &
Kalnaes, 2017). The main drawback of the PCM thermal
performance is the low thermal conductivity and the
lack of thermal stability in PCMs (Zhang et al., 2016). In
addition, the melting temperature of the material should
be less than the required operating temperature of the
system (Liu et al., 2018). For building applications, the
PCM melting temperature normally ranges from 20°C to
32°C (Panayiotou et al., 2016).

The PCMs are used to control the ambient
temperatures aiming to archive thermal comfort, this can
be applied to diverse components of a building (Mazzeo
et al,, 2017). Nevertheless, the success of the PCM would
depend on several conditionings, the main elements that
would determine the performance are the PCM melting
temperature, the quantity, the encapsulation method,
the location within the building structure, building
design and orientation, the building energy load, the
climate conditions, the energy demand, the selection of
the equipment, utility rate policy, occupancy schedule,
system control, and operational algorithms, among
others.

In this regard, the encapsulation of the material is the
most popular solution (L. F. Cabeza et al., 2011; Velasco-
Carrasco et al., 2020a). This can be explained by the high
potential of leaking during changing of the PCM phase
to liquid. In addition, encapsulation can prevent the low
viscous liquids from diffusing throughout the material
(Akeiber et al., 2016). The application of PCMs as TES has
been widely incorporated; however, few studies have
experimentally evaluated the use of PCM as a storage
medium in cooling systems (Moreno et al.,, 2014).

Jayalath et al. evaluated the thermal performance of
PCMs in a residential house in Melbourne. Using TRNSYS
the researchers compare the simulation results with
experimental data published in the literature, finding
that the PCM can delay the heat transfer and reduce
the cooling and heating loads. The study concluded
that the material achieved higher savings for cooling in
comparison to the heating loads (Jayalath et al., 2016).

The integration of PCMs with air systems and heat
exchangers has been another approach to boost
performance. Talkeada et al. developed an experimental
ventilation system that features direct heat exchange
between ventilation air and granules containing a PCM,
focusing on the potential of such systems for reducing
ventilation load. The results concluded that the system
could reduce up to 62.8% of ventilation load (Takeda
et al., 2004). Mozafari et al. proposed a triplex-tube
heat exchanger to improve the simultaneous storage
and recovery processes using a dual-PCM configuration.

The project utilized two PCMs with different melting
temperatures, to increase the performance. The results
demonstrated a performance improvement of 76.9% in
energy storage and 32.9% for recovery (Mozafari et al.,
2022).

Santos et al. investigated a new PCM panel to integrate
with an air heat exchanger system. The experimental
investigation focused on the improvement in the melting
and solidification process and increase thermal energy
storage capacity. The researchers increased the PCM
storage quantity by 30%, this expanding the melting and
solidifying time by 86% and 38% respectively (Santos
et al,, 2019). Similarly, Elsanusi et al. investigated the
arrangements of PCM plates inside the heat exchanger.
The results identified the effects of conduction and
natural convection heat transfer for different PCM
arrangements in the heat exchanger. Finding a 15.5%
reduction in the melting time with a serial arrangement.
In addition, the study concluded that by having different
PCMs the storage capacity by 25% (Elsanusi & Nsofor,
2020).

Riahi et al investigated a vapor-compression cooling
system utilizing PCM is studied whereby the electricity
consumption peak load is shifted. The system utilized
the cooling energy to freeze or “discharge” the PCM
during nighttime when the cooling load is minimally
needed and uses the stored cooling energy during the
peak load hours by melting or “charging” the PCM. The
study concluded that the PCM increased the cooling load,
reducing the electricity consumption at peak hours (Riahi
et al., 2021).

Ceiling boards incorporated with PCMs for air
conditioning systems play an effective role in indoor
room temperature control. The University of South
Australia developed a roof-integrated solar air heating
storage system using a latent heat storage unit, in
which an existing corrugated iron roof sheet is used
as a solar collector. The system was able to store heat
during the day and supply the heat at night or when
sunshine is unavailable (Belusko et al., 2004). Weinldder,
Klinker and Bavarian investigated the behavoiur of two
configurations for PCM cooling ceilings, as presented
in Figure 2. The PCM panels were able to liquefy up to
55% more when the cooling pipes were installed at the
bottom. The regeneration results reflect this different
starting behaviour with typical solid fractions of PCM
after regeneration of 90-100% for R112 (PCM on top)
and 80-95% for R113 (PCM at the bottom (Weinldder et
al.,, 2017).

The existing literature combines different approaches
for the integration of PCM as a TES system. However,
there are limited studies that experimentally
investigate PCM cooling systems for hot climates such
as the one presented in the Sub-African region. In this
paper, the effect of the application of a PCM cooling
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PCM on top (installed in R112)
PCM temperature sensor
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heat flow sensor integrated in a template

PCM at the bottom (installed in R113)

perforated metal sheet heat flow sensor

volume flow sensor

heat flow sensor integrated in a template

Figure 2 Sketch of the two PCM cooling ceiling systems configuration (Weinl&der et al., 2017).

thermal behaviour based on a typical Nigerian climate
temperature has been investigated to measure energy
savings. The innovation of this work lies in the application
of PCM-based TES storage, this is done by placing the
material in series to the airflow before entering the air-
cooling unit for dissipation; being the PCM discharge
stage. The cooling is powered by a chiller unit and
interconnected through a series of piping systems. The
PCM is divided into a storage box and also applied as a
radiating ceiling.

2. METHODOLOGY

The cold accumulated by the PCM panels is calculated
according to the cooling capacity of each time step, as
shown in Eqg. (1) and Eq. (2). The temperature difference
is measured by the chiller water temperature where T
is the inlet (C), T, . is the outlet (°C), cp is the specific
heat capacity (kJ/kg K), mis the mass flow rate (kg/s), 0
is the cooling capacity (kW), At is the time step (h), and E
is the cold storage (kWh). The discharge efficiency (¢) is
defined as the cold supplied (E )/cold stored (E ) ratio, as

presented in Eq. (3).

HTF,in

Q=rm- CP'(THTan —Totrout) Eq. (1)
t .
E:f Q- At Eq. (2)
0
-k Eq. (3)

Eq,
EC

The main aim of the test is to examine the effect of the
PCM panels, on reducing the load on the chiller (vapour
compression) and assess the impact, in terms of energy
savings. In addition, the PCM behaviour is studied, during
the daytime test, in terms of temperature variation, and
for the overnight cooling.

To simulate the environmental conditions suitable
for the tropical weather in Nigeria the environmental
chamber temperature was set at 30°C for daytime
simulation, having a 20% relative humidity (RH). The
heater mat inside the testing box was activated,
increasing the testing box temperature. The chiller unit
and air-cooling channel components are initiated, with
airflow thenextracted and cooled in the air-water heat

exchanger. All components are then left to run until an
equilibrium is established. This is monitored forthe 8-12-
hour daytime period. On completion, all systems are
then switched to the night-time simulation phase. For
the night-time simulation, the environmental chamber
temperature was switched to 25°C and the RH was
maintained. The heater power was decreased by 75%,
representing the lower load that occurs in the building
during night hours. The components are monitored for
an 8-12-hour night period.

Sufficient energy must be stored, for this reason, the
PCM has been selected at 27°C, surpassing the ambient
temperature conditions. This will boost the system
performance in terms of energy saving and at the
same time will allow the successful regeneration of the
material in a 24-hour cycle.

2.1 MATERIAL SELECTION

The encapsulation material was filled with S27, a salt
hydrate from the PlusICE family developed by PCM
Products Ltd ©. The material thermal properties are
described in Table 1, having a melting point of 27°C. The
capsule container consists of a rectangular container
with a length of 24 cm x 49 cm, with a weight of 3.5 kg
and a net weight of 2.68 kg as shown in Figure 3. In total,
12 panels were used having a net PCM weight of 32.16 kg.

2.2 EXPERIMENTAL SETUP

The study describes a set of experiments performed in
the Environmental Climatic Chamber in the Marmot
Laboratory, at the University of Nottingham. The
experiment rig consists of a testing box, a PCM storage
box, a chiller unit, a heat exchanger, a room heater, a fan,
a pump and the measurement equipment as described in
Figure 4. Inside the environmental chamber, an insulated
box was used to monitor the temperature variation. The
testing box has 1 m?® and was covered by insulation
material with a 10 cm thickness. The radiant ceiling was

Melting point (°C) 27
Density (kg/m?) 1530
Thermal conductivity [W/(m-K)] ~ 0.54
Heat capacity (J/kgK) 2.2

Table 1 Thermal properties of S27.
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Figure 4 Schematic setup of the panel rig.
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composed of 4 PCM panels placed on top of the testing
box. In addition, 8 PCM panels were allocated in a control
box adjacent to the environmental chamber and were
connected to the heat exchanger unit, where the cooling
occurs (Figure 5). The chiller unit (Grant LTC4) had a
temperature range between (-30 to 100°C) and for this
experiment was set at 5°C (Figure 6). The environmental
chamber temperature was set at 30°C representing the

Figure 6 (c) Heat exchanger, (d) Chiller unit.

daytime temperature and 25°C for the night-time and
the RH was maintained at 20%.

A data logger (DT85), was used to monitor the data
from the thermocouples placed at different locations
in the rig. The thermocouples used were K-type
thermocouples, with a standard deviation of +0.3°C. The
data logger was set to log the data every 30 seconds for
the daytime and night-time test, while it was set to log
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the data every 30 mins for the overnight PCM cooling test.
A water flow meter was integrated to display the mass
flow rate of water, while a hot wire anemometer was
utilised to log the airspeed before the heat exchanger.
An energy meter was connected to the chiller, pumps
and fan to indicate the energy consumed by these
components throughout the test. A room heater was
placed inside the testing box, representing the room’s
internal gain with a maximum capacity of 60 watts.

3. RESULTS

The thermal performance was assessed with respect
to the testing box indoor temperature, based on the
temperature difference created by the integration of
the PCM panels inside the testing chamber as well as
in the PCM box storage. The temperature comparison
of the system using PCM and bypassing the PCM was
monitored, demonstrating the effectiveness in terms of
energy savings.

Figure 7 presents the testing results of the testing
box, using two heating cycles and reaching a maximum
temperature of 39°C, reaching the melting point of the

PCM. The results exhibit that the S27 panels reduce
the cooling time, reaching a lower temperature of 25°C
faster. In terms of the chiller performance, the reduction
in the operational time was of 12 minutes in comparison
to the box without the PCM panels. In terms of energy
saving, this represents a reduction from 1.8 kWh to 1.7
kWh as shown in Figure 8.

Figure 9 presents the impact of the 12 PCM panels
on the chiller load. The PCM provides a reduction in the
ambient temperature, comparing the heat exchanger
and the chiller inlet and outlet. The reduction in the
heat exchanger air inlet temperature demonstrates the
successful heat absorption from the PCM panels, having
an average temperature difference of 1.8°C with a
maximum temperature difference of 3°C.

Figure 10 presents the average temperature inside
the insulated box comparing the temperature loss
with and without PCM storage. Having the PCM panels
reduced the temperature faster; therefore, reducing the
chiller to operational time and ultimately diminishing
the energy requirement. The energy consumption
measured by the energy meter is presented in Figure 11,
where a reduction of 0.15 kWh is presented by using
12 PCM panels.
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Figure 7 Testing box temperature comparison with and without PCM panels.
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Figure 8 Energy consumption comparison with and without PCM panels for heating period.
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1.6
1.55
1.5
1.45
1.4
1.35

Energy consumed (kWh) with
PCM

Energy consumed (kWh)
without PCM

Figure 11 Energy consumption comparison with and without PCM panels for cooling period.

4. DISCUSSION AND CONCLUSIONS

PCMs have been identified as a powerful alternative to
conventional cooling systems. This research aims to
experimentally assess the application of PCM panels as
a storage system coupled with an air-cooling system to
effectively reduce the energy consumption of buildings by

absorbing a portion of the thermal load. This innovative
systemis supported by the application of a heat exchanger,
assisting with the cooling performance. The experiment
evaluation has been set under hot climate applications,
using the Northern region in Nigeria as a reference.

The investigation focused on the application of S27 salt
hydrates panels as a latent heat storage unit for space
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cooling and monitoring the thermal response of TES to
the temperature step function and energy reduction on
the chiller unit. The following conclusion was derived
from the study:

* The system had two operating schedules, during
daytime the environmental temperature was
considered at 30°C, and at night-time, the
temperature was reduced to 25°C. The S27 PCM
panels effectively melt and regenerate during the
testing cycle. The average temperature difference
presented by the PCM panels was found at 1.8°C.

* The experimental results of the energy rate control
demonstrated the impact of the PCM panels to
procure cooling and exhibited the potential energy
savings, represented by the diminishing energy
demand on the chiller unit. During the heating phase,
an energy reduction of 0.10 kWh was presented with
the addition of 12 PCM panels, for the cooling phase
a 0.15 kWh reduction was accomplished.

Review studies have identified comparable energy
savings for cool storage applications. Riffat et al. found
a temperature reduction of 2 to 2.5°C by using a chilled
ceiling coupled with a driven vapour-compression cooling
system (Riffat et al,, 2022). Velasco et al found a room
temperature difference up to 1.5°C with the addition of
S23 PCM panels (Velasco-Carrasco et al., 2020b). Nagano
et al. found that temperature reduction of 1.5-2.1°C by
using a granular PCM (Nagano et al., 2006). In this regard,
the temperature difference presented in this study is in
line with the expected results for PCM ceiling panels for
cooling applications.

Further research investigation into cold storage would
strengthen the application of this technology for building
energy saving. This would represent that serial production
of cold storage components and PCM manufacturing will
reduce the production costs. The possibility of integrating
cold storage into buildings should be simplified by using
pre-fabricated assemblies or module-type construction,
facilitating retrofits (Stritih et al., 2018).
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