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HIGHLIGHTS

o The nocturnal radiative cooling potential of a trifunctional module is introduced.

o The PCM tank keeps the temperature below the minimum 24 h ambient temperature.
o The exergy efficiency calculation of radiative sky cooling systems is proposed.

e A comparison of various PCMs is performed to find the optimal storage temperature.

ARTICLE INFO ABSTRACT
Keywords: Radiative sky cooling (RSC) systems have enjoyed a privileged position in the research community due to
Radiative sky cooling generating cooling energy without consuming electricity using the open atmospheric window and infrared

Exergy analysis
Phase change material
Passive cooling
Energy storage

emission to the sky. However, the system’s justification occurs when it reaches a temperature below the mini-
mum 24-hour ambient temperature. This study utilizes phase change materials (PCM) as the energy storage of a
hybrid daytime photovoltaic-thermal and nighttime RSC module and investigates the nocturnal cooling energy-
saving potential of the system at different phase transition temperatures. After being validated by the experi-
mental data in the literature, the simulated model was used for examining the exergy and energy efficiencies of
PCMs with varying phase transition temperatures. The comparison of the exergy efficiency in the radiative sky
cooling systems was performed for the first time, revealing the simultaneous effect of the temperature drop and
cooling power to specify the optimal operative point of the system. Based on the climatic conditions of the
simulation site, the PCM with phase transition temperatures of 18 °C revealed the peak and average exergy
efficiencies of 42.8% and 33.7%, respectively. Likewise, the 23 °C PCM recorded the maximum cooling power of
about 49.9 W/m?, and the 15 °C PCM achieved the highest temperature drop of about 14.8 °C.

the power in the world, and it is predicted that by 2050, the global
energy consumption for cooling will be increased tenfold due to the
increasing demands [4]. It is also expected by 2050, the greenhouse gas
emitted by cooling systems will grow from 10% to 45% [5]. Therefore, it
is of vital importance to reduce this energy consumption.

Radiative sky cooling (RSC) is a method that can reduce objects’
temperature relative to the ambient temperature without electricity
consumption. RSC modules use a passive approach to cool an object by

1. Introduction

Today, the growing global needs for energy, the disadvantages of
fossil fuels, and the impacts of global warming have led to the devel-
opment of renewable and low-carbon energies [1-3]. One of the major
concerns associated with global warming is the rapid growth of cooling
systems’ energy consumption. Cooling systems consume up to 15% of

* Corresponding authors at: Department of Physics, Sharif University of Technology, Tehran, Iran (A.Z. Moshfegh). Department of Architecture and Built Envi-
ronment, University of Nottingham, Nottingham, UK (M. Hu).
E-mail addresses: moshfegh@sharif.edu (A.Z. Moshfegh), mingke.hu@nottingham.ac.uk (M. Hu).

https://doi.org/10.1016/j.apenergy.2022.119357
Received 4 November 2021; Received in revised form 26 January 2022; Accepted 25 May 2022

Available online 1 June 2022
0306-2619/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:moshfegh@sharif.edu
mailto:mingke.hu@nottingham.ac.uk
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2022.119357
https://doi.org/10.1016/j.apenergy.2022.119357
https://doi.org/10.1016/j.apenergy.2022.119357
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2022.119357&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Kiyaee et al. Applied Energy 321 (2022) 119357
Nomenclature P density, kg/m®
o Stefan-Boltzmann constant, W/(m?-K*)
A area, m? L .
B black body spectral intensity, W/m?/sr Abbreviation arfd sub.'scrlpts
¢ specific heat capacity, J/(kg-K) a amblenltl air
Ex exergy rate, J/s atm atmosphere
en eneray. J bb black body
ox exergy’ o con convective
&Y, . . 5 e emitter
g gravitational acceleration, m/s ; mesh number
h heat transfer coefficient, W/(m?2K) e ideal emitter
k thermal conductivity, W/(m-K) in inlet
L wall length, m ins insulator
m mass flow rate, kg/s .
j spectral range number
P power, W
heat ﬂ,u X, W/m? m total number of spectral ranges
1 ’ MCP maximum cooling power
1(12 geatl t'ra}I:Sfer rta)lte, /s n total number of meshes
a ayleigh number, - out outlet
T gsn?pereitmje, LR S PCM phase change material
u uid velocity, m/s PVT photovoltaic-thermal
Greek letters RC radiative cooling
ap thermal expansion coefficient, 1/K RSC rad%at%ve sky cooling
€ emissivity, - r radiative
7 efficiency, % TPT Tedlar-Polyester-Tedlar
U dynamic viscosity, Pa-s w water

transferring a portion of the thermal radiation to outer space whose
temperature is about 3 K [6,7]. This process uses the open atmospheric
window in the infrared band ranging between 8 and 13 pm [8]. A
thorough review of RSC technologies has been presented by Liu et al.
[9]. Generally, RSC can provide an average of 40-80 W/m? net cooling
power in a clear night sky [10].

RSC has long been limited to nighttime operation, aiming at reaching
a temperature lower than the ambient temperature [11-14]. Daytime
RSC had been left as a big challenge for decades due to the unavailability
of materials with extremely low absorption in the solar radiation spec-
trum (0.3-2.5 pm) and high emissivity in other wavelengths, especially
in the range of atmospheric window. Numerous studies have been
conducted concerning the materials and structures appropriate for the
radiative cooling surface, focusing on RSC during the daytime [4,15].
Chen et al. reported a temperature drop of 42 °C at noon [16], utilizing a
vacuum chamber without liquid cooling. However, even an excellent
emitter with ultra-low solar absorption at a favorable location may not
constantly produce cooling power during the daytime. Zhao et al. [17]
used a radiative cooling module to reduce the water temperature under
the stationary condition, while the water temperature under the panel
was the same at 4:00 PM as it was at 11:30 AM. Therefore, from the point
of view of energy efficiency, it is better to produce heat in the daytime
and cooling in the nighttime. A photovoltaic-thermal RSC (PVT-RSC)
module can generate electricity and thermal power during the day and
cooling power at night. Since photovoltaic solar cells generally have a
high emissivity in the infrared range, the generation of heat and elec-
tricity during the day and cooling at night can be performed.

Vall et al. [18] experimentally tested the combination of solar ther-
mal collector and radiative cooler with the idea of an adaptive coating,
which provides high spectral transmittance in the solar radiation band
and high spectral emissivity in the atmospheric window range. During
the night, the system achieved a maximum cooling power of 33 W/m?,
with an average cooling efficiency of 32%. A mathematical model was
developed by Hu et al. [19] to evaluate the nocturnal performance of a
PV/T module and determine its overnight cooling capacity. Under
optimal conditions, the absorber plate could reach a temperature of
approximately 11 °C below ambient temperature and exceed a

maximum cooling power of 50 W/m?. Bokor et al. [20] utilized a tran-
spired solar collector for nocturnal radiative sky cooling. The collector
plate could cool down the ambient air up to 4.0 °C. The system’s peak
and average cooling performance were reported to be 66.5 W/m? and
34.6 W/m?, respectively.

The main problem of the studies on RSC is the lack of attention to the
minimum ambient temperature of day and night. Only the ability to
reduce the water temperature passing through the module has been
addressed, while the temperature of the water outlet from the module at
most hours of day and night is higher than the minimum 24-hour
ambient temperature. Indeed, the system in these hours constitutes no
achievement because the temperature of an outdoor open and non-
thermal insulated water tank could be minimized at midnight without
using an RSC panel and by merely natural cooling. Therefore, the system
potential must be focused on reducing the storage temperature to lower
than the minimum ambient temperature or tap water temperature
throughout the day.

In this study, we used phase change materials (PCM) with phase
transition temperatures less than the minimum ambient temperature
that helps to store the cooling energy at a specific temperature. Several
studies have been conducted on PCM utilization to store solar thermal
energy [21-23] or remove room sensible heat [24-26], but their
application in RSC systems to achieve a temperature lower than ambient
has not been researched. Since PCM can keep lots of energy at the phase
transition temperature, a low mass of the storage tank will be sufficient.
As a result, the tank’s temperature will decrease quickly to the phase
transition temperature. This helps the storage tank reach the optimal
temperature even on cloudy nights in which the cooling power is low.
Therefore, a PCM tank is always available with the desired temperature.

In the papers published so far, the cooling power, energy efficiency,
and maximum temperature drop have been reported [27-29]. However,
these criteria alone are not sufficient for the comparison because the
cooling energy quality (the temperature drop along with the cooling
power) is not considered. Cooling power is directly proportional to en-
ergy efficiency and inversely proportional to the maximum temperature
drop. Consequently, the peak radiative cooling power is generated when
there is no temperature reduction, and by an intense temperature drop,



S. Kiyaee et al.

the cooling power will be reduced considerably. Thus, we calculated the
exergy efficiency, including the effects of temperature drop and cooling
power simultaneously. It is a more appropriate criterion to compare the
results of different RSC systems.

In the present study, four PCMs are used to compare storing cooling
energy in the nighttime. Even though the system can generate electricity
and thermal energy during the day, we focus on producing cooling
power at night. The simulation is conducted by Comsol Multiphysics
software after model validation using two experimental papers [30,31].

2. System design and input parameters
2.1. Model description and assumptions

The outline of the PVT-RSC module and the PCM storage tank is
shown in Fig. 1. The water passing through the panel during the night is
cooled by radiative cooling, and then it is directed to the PCM storage
tank. The storage walls and the back of the panel are covered with a 5 cm
polyurethane foam insulation, and its thickness at the bottom and top of
the panel is 3 cm. The PCM tank consists of 8 slabs with a total mass of
10 kg. The thermodynamic properties of PCMs will be described in
Section 2.2. The water flow in the system is maintained as long as the
water temperature is less than the average PCM temperature. Thus, the
PCM temperature will decrease, and after reaching the phase transition
temperature, it will enter the solid phase and freeze. This study aims to
compare PCMs with different phase transition temperatures for the
storage tank. The following assumptions are considered in the simula-
tion model:

The PCM storage tank and PVT-RSC module are simulated in two
dimensions, and due to symmetry, the heat transfer along the Z-axis
is ignored.

In the experimental conditions, the water flow below the module is
cooled by copper pipes. However, since the simulation has two di-
mensions, the flowing water is considered planar under the
aluminum plate.

The inlet water temperature of the PCM storage tank is considered
equal to the outlet water of the module.

Module water inlet

Insulation ————

PCM water outlet
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The water flowing through the module and storage is considered
laminar and fully developed.

The depth of the module along the Z-axis is 1 m, and its length is also
1 m. Therefore, the results are reported for an area of 1 m?.

The external surfaces of the module and storage insulations are
covered by a layer like aluminum foil whose emissivity is less than
0.05 to reduce the wasted energy. Therefore, the transfer of radiative
heat by these surfaces to the environment is ignored.

The initial temperature of the module equals the ambient tempera-
ture, and the initial temperature of PCM storage tanks equals tap
water temperature, which is almost constant during the simulation
period. It varies between 30 °C and 30.2 °C. Since this study’s pur-
pose is to cool the storage tank, choosing the tap water temperature
as a free temperature source with a lower temperature than ambient
is preferable.

To ensure the assumed simplifications, the validation of the model in
Section 4 is done under the conditions mentioned above. The rest of the
assumptions are discussed in the following.

2.2. PCMs thermodynamic properties

The inner part of the storage tank consists of six PCM slabs that aim
to store cooling energy at the phase transition temperature. Since the
higher the specific latent heat (assuming the mass and specific heat
capacity are constant), the more energy is stored in the storage tank, we
used PureTemp bio-based PCMs [32] with a latent heat of 187 kJ/kg in
the temperature range of 15 °C to 23 °C. Although there is a slight

Table 1
Physical properties of PCMs [32].
Phase transition Density Specific Specific Thermal
temperatures (kg/m>) latent heat heat conductivity
0 capacity (kJ/  capacity (J/ (W/m.K)
kg) kg.K)
15-18-20-23 860 187 Liquid: Liquid: 0.15
2146 Solid: 0.25
Solid: 1924

Radiative cooling surface (solar cells and TPT layers)

Infrared emission

Polyethylene cover

PCM cold water inlet

Module cold water outlet

Ground

Fig. 1. The cooling process of the PVT-RSC module at night. The cold water leaving the module is directed to the PCM storage tank, and after transferring the cooling
energy, it is directed to the module again to form a closed cycle. Solar cells and Tedlar-Polyester-Tedlar (TPT) layers act as the radiative cooling surface.
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difference in PCMs’ thermodynamic properties, for better comparison,
they are considered similar except for the phase transition temperature
(Table 1). It is important to note that the PCM phase transition does not
occur suddenly at the phase transition temperature. This happens in a
temperature range of about 4°. For instance, 18 °C PCM is frozen in the
temperature range of 16 °C to 20 °C.

2.3. Ambient properties

Hundreds of years ago, mud-brick Yakhchals (ice houses) were used
in hot and dry areas of central Iran, such as the city of Yazd [33]. This
city is selected for simulation since it has low relative humidity and open
atmospheric window at night. This study considers the ambient pa-
rameters, including temperature, relative humidity, and atmospheric
emissivity.

Fig. 2 shows the temperature and relative humidity in one clear
summer night [34] (July 24 and 25, 2021). We used MODTRAN mid-
latitude summer model [35] to estimate the atmospheric emissivity in
the infrared range. Fig. 3 shows the emissivity diagram in the wave-
length range of 2-20 pm with a step size of 1 um at different test hours
during the night. In the other bands, the atmospheric emissivity is
considered equal to one.

2.4. Radiative surface emissivity

To investigate the emissivity of the PVT-RSC module surface, two
ideal emitters shown in Fig. 4 are compared. Until a specific temperature
of the emitter, emitter 2 has a greater cooling power than emitter 1. In
the study conducted by Huang et al. [36], this temperature is 20 °C
lower than the ambient temperature. The temperature drop of more than
20 °C will result in the superiority of the emitter 1 over the other one.
But it is essential to note that the lower the emitter temperature than the
ambient temperature, the more the wasted energy, and the lower the
system energy efficiency. In the present study, energy and exergy effi-
ciencies are crucial; therefore, a high-temperature reduction close to the
stagnation state is not desired. The stagnation state is reached when the
system experiences the greatest temperature drop and the net cooling
power reaches zero. In this condition, the ideal emitter 2 is a preferable
option. In addition, since RSC is only performed at night in this study,
high spectral emissivity (absorptivity) in the solar spectrum is not an
obstacle but improves electrical and thermal efficiencies during the
daytime. Therefore, the best emitter is the one with maximum emissivity
all over the ultraviolet, visible, and infrared spectra. We used the surface
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Fig. 2. Temperature and relative humidity on July 24 and 25, 2021, Yazd,
Iran [34].
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Fig. 3. Calculated atmospheric emissivity at night in three different hours on
July 24 and 25, 2021, Yazd, Iran.
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Fig. 4. Surface emissivity of two different ideal emitters.

properties studied by Zhao et al. [37] in the PVT-RSC module. Its
average emissivity is considered to be 0.95 in the range of 3-20 pm and
assumed to be 0.9 in the range of 0.3-3 pym.

2.5. Cover transmissivity

One of the most critical factors that have affected the applicability of
RSC systems is the lack of a rigid and robust cover with high trans-
mission in the mid-infrared and visible spectrum [9]. Despite low
strength, ultra-thin polyethylene is still the best choice among the
available materials because its transmission is high in both infrared and
visible spectrums. Hu et al. [38] reported the spectral transmittance of a
low-density polyethylene film with a thickness of 20 um, which trans-
mits about 90% of the radiation spectrum in the range of atmospheric
window.

3. Simulation model
3.1. Thermal energy model

The PVT-RSC module is cooled by radiation towards the sky during
the night, and its cooling power is transferred to the PCM storage tank.
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The model simulation is carried out in Comsol Multiphysics software
with a time-dependent study. The software uses a partial differential
equation to calculate the panel and storage tank temperature, as follows
[39]:

ar
P +PCuNT +V.g =0 €h)

where p denotes the material density, T is the temperature, C, is the
specific heat capacity at constant pressure, u is the fluid velocity
vector,Q is the heat source, and q is the heat flux, which is calculated by
Eq. (2).

q= —kVT 2)
where k is the material thermal conductivity. The convective heat

flux is computed using the following equations:

—Nn.4 = {4con (3)

Geon = h(Ta - T) ()]

qeon is the convective heat flux, n is the normal vector toward the
exterior surface, h is the convective heat transfer coefficient, and T, is
the ambient temperature. Egs. (5)-(8) calculate the convective heat
transfer coefficients of horizontal, vertical, and inclined walls for the
module and storage tank based on the equations proposed by Incropera
et al. [39,40]:
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where L is the wall length, ¢ is the angle between wall and vertical
direction), C, is the specific heat capacity of air at constant pressure,u is
the air dynamic viscosity, and k, is the thermal conductivity of air. Eq.
(10) determines the Rayleigh number, Ra [39].
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p is the air density, g is the gravitational acceleration, and a, is the
coefficient of thermal expansion, which is calculated as follows [39]:
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)

an
The radiative heat flux is calculated using Eqgs. (12) and (13).

—ng=gq (12)
qr = Aceon Y e(atm, j)B(T,.j) — Ace.oT,* (13)
Jj=1

where q, is the radiative heat flux, A, is the area of the radiative
cooling module surface,e, is the emitter surface emissivity, e(atm,j) is
the atmospheric emissivity in the spectral range of the number j,B is the
black body spectral intensity, o is the Stefan-Boltzmann constant, T, is
the emitter temperature, and m is the number of the spectral range
considered for the atmosphere.

3.2. Energy efficiency

In energy systems, the energy efficiency is calculated by dividing the
useful energy by the total input energy. As a result, in an RSC system, it
can be defined by the ratio of the absorbed cooling power to the
maximum cooling power the system can achieve. The cooling power
absorbed by PCM is determined by Egs. (14) and (15).

Ppevr = Produte — Poss 14

Tousw) 15)

where Pp,q4. is the water cooling power of the module, Py, is the
wasted power by PCM storage insulated walls, m is the water mass flow
rate through the module, c,, is the specific heat capacity of water, Toy.,
is the module outlet water temperature, and Ti,, is the module inlet
water temperature. Since the external surfaces of the storage are divided
into n elements by meshing, the wasted power can be computed by Eq.
(16).

Podutec = mcp‘w(Tin,w -

Pioss = ZAihi.in:(Tn — Tiins) (16)
P

A;, Tiys and h;ys are the area, temperature, and convective heat
transfer coefficient of the i mesh, respectively. The system cooling
energy efficiency could be calculated by the following equation:

P
Now = —2 % 100 a7)

Puy1,

where Py, 7, is the cooling power of a black body with an area and
instantaneous temperature equivalent to the emitter surface used in the
module. This is the maximum cooling power of a material at the emitter
surface temperature.

3.3. Exergy efficiency

Eq. (18) shows the exergy rate balance of the PCM storage tank.
Exin - Exom - Exlo:s - ExPCM =0 (18)

Ex;, is the exergy rate of the storage inlet water, ExXyy is the exergy
rate of the storage outlet water, EXyss is the exergy loss rate from storage
walls, and Expey is the rate of the cooling exergy stored in PCM. The
exergy loss rate from storage boundaries can be expressed according to:

T, .
[ (e 02

storageboundaries

Exjoss =

Ty is the insulator outer surface temperature, and Q is the heat
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transfer rate from insulator to the ambient. Eq. (19) is inspired by the
exergy rate due to heat transfer based on the Carnot factor [41].

The system exergy efficiency and the storage inlet and outlet exergies
are calculated as follows [9]:

E E in 7E oui 7E oss
= BEM 0 = i P T P ew 0 (20)
: Xaim EXxam
: . T
Ex;, = mc,,, [T, + T,In (T) — T 21
- . Tous
Exout = MCp,y [Ta + Taln T - Tout] (22)

where Exg, is the maximum rate of the exergy entering the system
from the atmosphere, calculated by Eq. (23).
Ta
Ty

EXom = MCP(=*-— 1) (23)
Ty is the sky temperature, and MCP is the maximum cooling power
of the ideal emitter, calculating as below:
MCP = Piy(T,) = Pun(T,) = Ace(bb)oT,* — Ae(bb)x > _ e(atm, j)B(T..j)
=1

(24)

P, (T,) is the ideal emitter radiation power at the average tempera-
ture of the emitter surface, P, (T,) is the atmospheric radiation power
on the emitter surface at the ambient temperature, and ¢(bb) is the black
body emissivity which is equal to 1.

Eq. (23) is inspired by the exergy equation of the Sun in calculating
the thermal exergy efficiency of solar collectors [42]. In calculating the
Sun exergy rate, its temperature is used as the hot energy source, which
is the hot source temperature in a Carnot heat engine. In contrast, sky
temperature is used in Eq. (23) as the cold place temperature in heat
pumps and refrigeration systems [43]. Different models are proposed to
calculate the sky temperature, but since in this study we have computed
atmospheric emissivity in various spectral ranges, the sky temperature
could be calculated by Eq. (25).

m
xy_ e(am,j)B(T,.j) = oTu* (25)
j=1
The sky temperature is the minimum surface temperature that the
ideal emitter 2 —that was mentioned in section 2.4- can reach. If the
selected emitter is the ideal emitter 1, this minimum temperature will
decrease, and it must be evaluated using other equations.

4. Model validation
4.1. RSC module

The RSC simulation model is validated by the experimental results
presented by Hu et al. [30] to ensure the simulation steps. A module
with an area of 2 m? was used in their study to produce coldness, heat,
and power. Silicon solar cells covered by TPT layers cool the water in the
nighttime due to high emissivity in the infrared range. A 2D geometry
with all the assumptions presented in Section 2.1 is utilized to simulate
the RSC plate. However, the 120-litre water tank used in the experi-
mental system is considered cylindrical in a 3D geometry. The water
flow rate of 0.038 kg/s was maintained during the test period. Fig. 5
compares the temperature of the water tank, panel inlet and outlet water
measured by Hu et al. with the present simulation. To evaluate the
simulation quality, the root mean square error (RMSE) is employed,
which is calculated using the following equation [44]:
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Fig. 5. Comparison between the experimental results of Hu et al. [30] and
present simulation.

(26)

where T, is the experimental water tank temperature, T; is the water
tank temperature in the present simulation model, i is the time step, and
N is the evaluated time steps. The maximum RMSE of 1.5 °C for the
operating temperature is specified in the German standard VDI 6020
[31]. Thus, if the RMSE value is calculated to be less than 1.5 °C, a
reasonable match between the simulation and experimental results is
achieved. The RMSE for inlet, outlet, and average water tank tempera-
ture is calculated as 0.22 °C, 0.14 °C, and 0.18 °C, respectively. It should
be noted that the assumptions for validation are the same as those
mentioned in Section 2.1.

4.2. PCM tank

The experimental result reported by Gallardo and Berardi [31] is
used to validate the PCM phase transition simulation. In their study, a
radiant ceiling panel was developed using PCM for cooling applications.
PCM can be frozen passively or by energy consumption during non-peak
hours, and this stored cooling energy can be used to lower the room
temperature during other hours.

To ensure the validity of the simulation results, a small test chamber
was used to mimic an actual test room. The insulated chamber with
Rockwool is shown schematically in Fig. 6a. At the bottom is a metal
plate with a constant temperature of 26 °C, representing the room
temperature. An 8 mm thick layer of cellular rubber is placed on the
metal plate to establish a heat transfer coefficient of 10 W/m? K between
the heat source and PCM. The CrodaTherm21 PCM with a mass of 2 kg, a
phase transition temperature of 21 °C, and latent heat of 190 kJ/kg is
placed in the chamber’s center [45]. The initial temperature of the
system is set at 15 °C, and PCM is completely frozen. For 13 h, heat is
transferred to the system via the metal plate to measure the PCM tem-
perature over time. During this time, no water flow is established in the
system. Although only the melting curve of PCM is reported in their
study, it can still validate the phase transition process. Fig. 6b shows the
temperature diagram at the bottom of PCM in the experimental test of
Gallardo and Berardi and the simulation result in this study. The RMSE
value is calculated as 0.35 °C, indicating an acceptable agreement be-
tween the two data.
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5. Results and discussions

The system simulation is performed from 6 PM on July 24 to 6 AM on
July 25 to generate cooling power. Water and four PCMs are used in a
storage tank for comparison study. The mass value of 10 kg for the
storage tank is chosen because more than 80% of the 23 °C PCM (i.e., the
PCM with the phase transition temperature of 23 °C) freezes with this
mass. The optimal value of the water flow rate through the PVT-RSC
module and storage tank is assumed to be 10 cm®/s, which is deter-
mined by trial and error to maximize PCMs’ solid fraction. Fig. 7a shows
the solid fraction of each storage tank. Since the 23 °C PCM maintains
the system’s average temperature closer to ambient temperature, it has
less wasted energy than other PCMs. It receives more cooling power
from the panel, and a more significant portion of PCM turns into the
solid phase.

Fig. 7b demonstrates the average temperature of each storage tank.
Since the water tank has a higher specific heat capacity than PCMs, it has
a lower temperature drop in the early two hours. While after that, PCM
tanks remain at around their phase transition temperature, and the
water tank continues its temperature drop.

Fig. 7c shows an increasing trend in the absorbed cooling power of
the storage tanks during the first hour. When nighttime cooling begins, a
significant portion of the cooling power is spent to lower the panel
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temperature, 38 °C. In comparison, the initial temperature of the storage
tank is assumed to be 30 °C, which is the temperature of the tap water.
Therefore, in the initial phase, most of the cooling power is absorbed by
the panel, and the cooling power absorbed by the tank is small. A
decreasing trend is observed after 7 AM in all tanks except 23 °C PCM
due to their temperature reduction—the lower the system temperature,
the lower the cooling power. As 23 °C PCM approaches its phase tran-
sition temperature and its temperature does not drop considerably, this
decrease in absorbed cooling power is not observed. This declining trend
continues until the phase transition temperature of the PCM tanks is
reached. Since the water tank does not freeze, this decrease continues
until the end of the simulation period. After reaching the phase transi-
tion temperature range, the tank temperature changes with a lower
slope. As the ambient temperature shows a decreasing trend at this
moment (Fig. 2), the absorbed cooling power of the PCM tanks takes an
upward trend. If all system parameters in an RSC system remain con-
stant, the cooling power will increase as the ambient temperature
decreases.

Another variable that affects cooling performance is incoming at-
mospheric radiation. It has a descending tendency until 4 AM, and a
peck in cooling power is observed in 15 °C, 18 °C, and 20 °C PCM tanks.

Fig. 7d illustrates the accumulative cooling energy of various tanks.
Since the 23 °C PCM absorbs the highest cooling power during the day, it
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Fig. 8. (a) Cooling energy, (b) cooling exergy, (c) average cooling energy, and (d) average cooling exergy efficiencies of water and PCM storage tanks.
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has the maximum value of accumulative cooling energy equal to 1.81
MJ. The water tank recorded the lowest value of 0.96 MJ, close to 15 °C
PCM tank.

Choosing a PCM with a lower phase transition temperature decreases
the absorbed cooling power but increases the temperature drop,
providing the consumer with a colder storage temperature. Naturally,
the cooling energy efficiency will be reduced by the decrement of the
absorbed cooling power. A PCM with a lower phase transition temper-
ature has the advantage of colder water, but on the other hand, it has a
lower energy efficiency (Fig. 8a). In this condition, to choose the optimal
temperature, it is required to compare the exergy efficiency shown in
Fig. 8b. Although the 23 °C PCM has the highest average cooling energy
efficiency (Fig. 8c), it has the lowest average exergy efficiency among
other PCMs (Fig. 8d). On average, 18 °C PCM has a higher exergy effi-
ciency than other cases, and it is the optimal point for selecting the phase
transition temperature. In the case of this PCM, the maximum temper-
ature drop relative to the ambient is 13.8 °C around 9 PM, and the
maximum absorbed cooling power is 38.3 W/m? at 3:30 AM. In contrast,
the 23 °C PCM has the greatest cooling power (49.9 W/m?), and the
15 °C PCM has the most significant temperature drop (14.8 °C). Even
though the water tank has the lowest final temperature, its average
energy and exergy efficiencies are lower than all PCMs tanks.

Since the 18 °C PCM has the highest exergy efficiency, we compared
its discharge during the day with that of the water tank. As shown in
Fig. 7b, the water tank temperature is about 5 °C cooler at the end of the
simulation, making the water tank appears a better choice over PCM.
The difference, however, becomes apparent when the cooling energy of
both tanks is discharged. To discharge the tanks, 30 °C tap water flows at
10:24 AM, when the ambient temperature is 35 °C. The water flow rate
is 10 cm®/s, the same as the flow rate during the charging process. Fig. 9
shows the temperature diagram of the outlet water of the PCM and the
water tank. Except for the first half-hour, the outlet temperature of the
PCM tank is lower than that of the water tank. The water tank loses its
low temperature quickly, but it happens more slowly in the PCM tank
because it has a higher quality of cooling energy stored in it. In other
words, it has a higher exergy efficiency. To achieve a lower water outlet
temperature, the total area of the module, the flow rate, or the tank
volume can be changed.

According to the stated results, it would be challenging to choose the
optimal storage tank without using the concept of exergy efficiency. The
investigation of exergy efficiency in RSC systems could be a better
comparison that examines the amounts of cooling power and tempera-
ture drop simultaneously.

6. Conclusions

This study aimed to investigate the application of a PCM storage tank
for cooling purposes based on radiative sky cooling at night. The
simulation was done on a summer night by using the meteorological
information of Yazd, Iran.

By using a PCM, the cooling energy is stored at a specific temperature
equivalent to the phase transition temperature. In the studies concerning
RSC, the values of cooling power and maximum temperature drop are
regularly recorded. However, they have limitations when assessing the
cooling performance of a RSC system because the maximum cooling
power is achieved when there is no temperature drop (no cooling effect)
and vice versa. Therefore, we presented the calculation method of
exergy efficiency in the RSC system to determine the optimum PCM
phase transition temperature by a more appropriate criterion.

Four PCMs were utilized in the phase transition temperature range of
15-23 °C to determine the appropriate temperature for the storage tank.
Besides, a water tank with the same mass was used to show the justifi-
cation of the PCM storage tank. The maximum absorbed cooling power
of 49.9 W/m? and the highest temperature drop of 14.8 °C were
measured for 23 °C and 15 °C PCM tanks, respectively.

The 18 °C PCM tank with the maximum exergy efficiency of 42.8%
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Fig. 9. Outlet water temperature of 18 °C PCM and water tanks during the
discharge process.

and average exergy efficiency of 33.7% had the greatest amount relative
to the other tanks. Although 23 °C PCM had the highest average energy
efficiency of 65.3%, its average exergy efficiency of 31.5% was lower
than other PCMs but higher than the water tank with 28.6% efficiency.

The minimum and maximum ambient temperatures on the studied
day were 27 °C and 39 °C, respectively. Obviously, water cooling at
higher temperatures will result in better cooling power. However, since
the minimum ambient or tap water temperatures are infinitely available
at midnight, the critical point is that the cold tank must reach a lower
temperature. This is when using RSC systems is justified. The final
temperature of the 18 °C PCM tank was 18.14 °C, which was almost nine
degrees below the minimum ambient temperature.

Although the use of PCM has increased the exergy efficiency of the
system, more studies are required to make this comparison in other
climatic conditions to prove its justifiability throughout the year. Future
studies will compare the economic feasibility of PCM-based PVT-RSC
systems in different locations. Using RSC as a supplement can further
develop PVT systems and reduce their levelized cost of energy.
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