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ARTICLE INFO ABSTRACT

Keywords: Evacuated tube collector is a type of solar energy unit that converts solar energy into thermal power; however,
Evacuated tube solar collector the output of this unit is not high. Therefore, the present research attempted to propose a highly efficient unit to
PCM

transform solar energy into proper forms of energy, including electrical and thermal. In the current numerical
study, initially, the overall proficiency of integration of the phase change material in the evacuated tube solar
collector is poked and compared with the performance of a maiden renewable-based unit consisting of an
evacuated tube collector, photovoltaic module, phase change material, and porous metal foam. Henceforth, by
determining the best unit from the overall energy viewpoint, the impact of various factors, including melting
temperature of phase change material, nanoparticle mass fraction, and mass flow rate of operating fluid on the
operation of the unit, are investigated. According to the obtained results, the evacuated tube collector equipped
with the photovoltaic module, phase change material, and porous metal foam has the highest performance
among the studied units from the energy viewpoint. The overall performance of the presented unit is calculated
to be 13 % higher than the net efficiency of conventional evacuated tube solar collector. It is observed that
boosting the mass flow rate of operating fluid from 3.6 to 10.8 L/h enhances the average overall output of the
presented unit from 38.55 W to 40.13 W. Reducing the melting point of the phase change material can slightly
boost the performance of the unit; according to the simulations, reducing the melting point from 44 °C to 35 °C
raises the overall performance of the unit by around 0.4 %. Also, dispersing nanoparticles in the base fluid
improves the performance of the unit by 3.3 %.

Porous foam
Nanofluid

can boost the performance of the unit. The ETC unit provides a
considerable amount of heat in the noontime. In contrast, because of the
low solar intensity in the morning and afternoon, the solar energy unit’s
performance is not suitable enough. On the other hand, the PTC unit
integrated with PCM (ETC-PCM) has a more consistent performance
than the ETC. This is because PCM is a component that can store energy
by transfer from solid to liquid phase in high temperatures [1]. This
material releases its stored heat to the system at low temperatures [2].
This phenomenon makes the performance systems more reliable. Until
now, researchers investigated the application of PCM for heat removal

1. Introduction

Evacuated tube collector (ETC) is a typical solar energy unit that
transforms solar energy to heat to maintain the buildings’ needs or
electricity production by using a gas turbine. In this renewable system,
solar irradiance absorbs by the absorber layer and terns to the heat. The
produced heat in the absorber layer is transferred to the core of the unit
and absorbed by the operating fluid.

Combining this solar power unit with Phase Change Materials (PCM)

* Corresponding authors.
E-mail addresses: hy @mailbox.gxnu.edu.cn (Q. Lin), GuangqiangLiXia@gmail.com (G.L. Xia).

https://doi.org/10.1016/j.applthermaleng.2023.120311

Received 23 September 2022; Received in revised form 10 February 2023; Accepted 24 February 2023
Available online 27 February 2023

1359-4311/© 2023 Elsevier Ltd. All rights reserved.


mailto:hy@mailbox.gxnu.edu.cn
mailto:GuangqiangLiXia@gmail.com
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2023.120311
https://doi.org/10.1016/j.applthermaleng.2023.120311
https://doi.org/10.1016/j.applthermaleng.2023.120311
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2023.120311&domain=pdf

X. Yang et al.

Applied Thermal Engineering 226 (2023) 120311

Nomenclature

A Area (m?)

Anmsun Mushy zone coefficient

Cr Inertial coefficient

(o Determined heat capacity at a constant pressure condition
(J/kg e K)

d Tube diameter (m)

E Energy rate (W)

G Solar radiation intensity (W e m2)

g Gravity (me s 2)

H Total enthalpy (J e kg™!)

K Permeability

k Thermal conductivity (Wem~! e K1)

p Pressure of fluid (kPa)

S Linear deformation

T Temperature (K)

Greeks

u Fluid dynamic viscosity (kg/m e s)

p The volume fraction of considered liquid

1%} Mass fraction of utilized nanofluid

ks Boltzmann constant

T Transmissivity

n Efficiency ( %)

p Material density (kg/m®)
o Stefan-Boltzmann coefficient (W/m? e K*)
€ Porosity, Emissivity
¢ Slight number
Subscripts

amb Ambient condition
bf Considered base fluid
cell PV cell

ele Electrical energy

g Glass coating

in Inlet boundary

loss Loss

nf Utilized nanofluid
out Outlet boundary

r Standard state

s Solid-state

sun Sun

th Thermal energy

w Wind effect

Power to city Electricity by
PV

b
=i

Power to hydrogen
generation

Energy saving
by PCM

FECT-PV-PCM System

*—e @ e

Sun

Evacuated tube collector (ETC) + PCM + PV

Fig. 1. A 3D face of the FETC-PV-PCM hybrid unit.

[3] and improving the performance of solar power units [4]. In addition,
researchers improved the performance of PCM by mixing it with nano-
particles [5,6] or applying a magnetic field [7]. The following explains
the experimental and numerical studies on the outputs of the ETC unit
integrated with PCM.

For instance, the influence of utilizing PCM on the outputs of an ETC
design is scrutinized by Papadimitratos et al. [8], and the impact of

considering PCM with various properties on the unit operation is eval-
uated. It is found that integrating ETC with PCM can remarkably elevate
the efficiency of the ETC. Essa et al. [9] poked the effect of the mass flow
rate of operating fluid on the outputs of a newfound ETC-PCM genera-
tion unit. This study concluded that elevation in the water flow level
from 15 L/h (litter per hour) to 21 L/h declined the PCM temperature to
around 55 °C. In another study, Chopra et al. [10] scrutinized the
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Table 1

Geometrical dimensions of the parts of the FETC-PV-PCM hybrid unit.
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Unit component

Dimension (mm)

Outer diameter of the glass 50
Glass thickness 3
Absorber thickness 1
Outer diameter of the pipe 9
Diameter of the fluid media 8
Length of the ETC 1400
Table 2
Thermal properties of the parts of the solar energy units [28,29]. Table 5
- . — - The operating conditions of the base case.
Parts Density Thermal conductivity Specific heat at a fixed
(kgem=2) coefficient pressure Parameter Base case quantity Bound
-1 —1 —~1 -
(WemleK 1) (Jokg ' ek 1) Melting spot (°C) 40 35-44
Glass coating 2200 0.76 830 Specific enthalpy (kJ e kg™') 160 -

PV cell 2330 148 700 Conductivity (Wem ™' e« K1) 0.2 -
Absorber, 8960 401 385 Inlet mass flow rate (L e h™1) 7.2 3.6-10.8
pipe, and Nanofluid mass fraction ( %) 0 0-4 %

foam
1000
Table 3 I ~
The MWCNT/water nanofluid properties in the single-phase model [31-33]. [ // \
Unit Property Eq. — 800 I \
component number NE 3 /
& L
Density Prp = (L=)pos + dpys ) = L / \
Heat capacity  Cppr = (1—)Cosy + $Cpry @ < 600 4 / \
Thermal knp = A3) S - \
conductivity [kp + 2k — 20 (ko —ky)_2p#Cory | [ 2T " = [ /
ko + 2kyy + Pllaor —Kp) | 2y -\ Brdoriyy | 2 200 I / \
Viscosity _ Hof @ = L
fg =~ 05 My = L / \
1-3487 (—P> 1o S [
dps L / \
200 + / \
Table 4 i / \
Balance equations of solid, PCM, and water sections of the hybrid unit [34,35]. 0 T
T T T T
Explanation Balance equation Eq.
umber 5 8 11 14 17 20
Water Time (Hour)
Continuity dps — )
§+V'(/’fvf):0 @)
Momentum — 6) 4 31
vy 1o o | - ]
Lol teVrevVs | = VPt [ b
L Temperature 1 30
Hr oo b _piCrlvil 1
IV, —pg— (LT )y, i
B i <K vK 4 1 %
Energy oT @) @ 129 &
[6(0C0), +1~ €06 | o + (0Cy), (Vo 9T) = z ] 5
] o
keV2T ~ ] o
Solid B ] g
Energy oT 8) o I 28 2
/)vasy = Ve (kVT) C%" 1 :15)
PCM el B —
g T+ 27 ©
Mass dap — (©)] = 4
5 —Ve (P ° V) B ] g
Momentum oV N _‘ (10) E 2
7p[ = (VcV)V]+VP—V-(;4VV)—S:O T 26
S function iy AN a1 ]
P ) Am,,<vap> L ]
p+2) 0 S S S S S S S 25
Energy 7 — 12)
&@H)+V-(pVH):V-(kVT)+S 5 8 11 14 17 20
Enthalpy H = hey + [1_ CppoudT + pL as Time (Hour)
Liquid _ J OifT < Tretting 14
fraction p= { 1ifT > Tieting (b)

Fig. 2. Changing the (a) DNI and (b) ambient temperature and wind velocity
during the simulated day.
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Fig. 3. (a) The variation of outlet temperature and PV layer temperature versus the number of cells. (b) A 3-D view of the generated mesh.
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Fig. 4. The outlet temperature of the operating fluid versus time step size.

performance of an ETC unit integrated with heat pipe and PCM. In this
study, it is revealed that using PCM in the ETC unit prevents the over-
heating problem.

Additionally, the effect of the installation of aluminum fins in the
PCM-based ETC unit is investigated by Abokersh et al. [11]. This study
concluded that using fins reduces the thermal performance of the unit by
around 14 % during the day while it enhances the working duration of
the unit after sunset. The comparison between the performance of a heat
pipe-based ETC without/with combining by PCM is performed by
Chopra et al. [12]. According to their outcomes, the energy performance
of mentioned heat pipe-based ETC unit integrated with PCM is around
33 % and 38 % higher than that of the unit without PCM in the operating
fluid mass flow rates of 1200 L/h and 300 L/h, respectively.

In a recent research on the ETC-PCM unit, Olfian et al. [13] examined
the influence of using a corrugated tube in the unit to enhance the
outputs of the unit. Based on the results of this investigation, the thermal
output of the PCM-based ETC unit with a smooth tube is 22 % less than
the unit thermal output with a corrugated tube. Essa et al. [14] evalu-
ated the impact of heat pipes with helical finned on the output of an ETC-
PCM unit. This research found that the overall efficiency of the unit with
helical fins is more than that of conventional ones. Furthermore, they
observed that using helical fins delays the melting process of PCM in the
unit, which benefit the output power of the unit. The impact of PCM
characteristics, such as enthalpy, thermal conductivity, and melting
point on the thermal performance of an ETC unit, is studied by Feng
et al. [15]. Based on this study, reducing the PCM melting point im-
proves the thermal power of the unit. Also, the PCM with an enthalpy of
170 kJ/kg had the highest positive influence on the performance of the
unit.

Based on these studies, integrating the ETC unit with the PCM can
enhance the performance of the unit due to its energy storage in the
noontime and thermal energy released in periods with low solar radia-
tion intensity.

Also another method that can elevate the performance of solar power
units is nanoparticle fusion to the operating fluid [16]. According to the
research, adding nanoparticles to the base fluid improves the operating
fluid thermal characteristics [17], which can intensify the fluid heat
transfer rate within the channel as well as ascend the performance of
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Fig. 5. (a) Comparison between the amount of melted PCM in the present
investigation and the assessment of Olfian et al. [13], and (b) comparison be-
tween the amount of average temperature of PCM in the evaluation of Mat et al.
and present perusal [44].

solar energy units, including ETC [18-20].

Kaya et al. [21] experimentally evaluated the effect of using pure
water, CuyO/water (4 %), and CupO/water (8 %) as the operating fluid
of the ETC-PCM unit. The outputs of this study show that the unit using
CuyO/water (8 % vol.) nanofluid has energy and exergy efficiency of
around 60 % and 6 %, respectively, which is the highest performance
among the studied units. In another experimental study, Hosseini and
Dehaj [22] examined the effect of adding TiO, Nanoparticles (NP) and
Nanowires (NW) in the base fluid of the ETC unit. These experimental
tests reveal that using TiO, NWs-nanofluid can enhance the performance
of the ETC unit by approximately 21 %. Moreover, in a numerical
investigation, Kaya et al. [21] assessed the performance of the Al,O3/
water-based ETC unit. The numerical outputs of this investigation show
that the unit with bricks-shaped Al,03/water nanofluids has the highest
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Fig. 6. The outlet temperature, PV layer temperature, and melted PCM for different units at the base case.
performance. condition. Henceforth the impact of different parameters on the effi-

As mentioned above, even though the integration of the ETC unit
with the PCM and nanofluids can enhance the thermal performance of
the unit, the overall efficiency of the unit is not high enough. Integrating
the ETC unit with the Photovoltaic (PV) module can properly increase
ETC unit performance. Using a PV cell as the absorber of the unit can
lead to the production of both thermal and electrical energy by the unit
simultaneously. However, it should be noted that the PV cell operation is
highly dependent on the cell’s temperature [23]. Increasing the PV cells
temperature declines their performances remarkably [24].

Moreover, installing metal foams in the fluid channel of the ETC unit
may enhance the total performance of the unit. The metal foam has a
high thermal conductivity which can intensify the rate of heat transfer
through the unit. This material can be used inside the fluid channels to
enhance the transferred heat to the operating fluid or inside the PCM
media to improve its extremely low thermal conductivity [25-27].

In the current research, the overall performance of a PCM-based ETC
unit is compared with the output of an ETC-PCM unit combined with a
PV cell module (ETC-PV-PCM) and an ETC-PV-PCM unit that its fluid
channel filled with a porous metal foam (FETC-PV-PCM). Filling the
fluid channel with the porous metal foam raises the contraction between
the fluid and the pipe wall, which causes an improvement in the oper-
ating fluid heat transmit rate. Henceforth, by detecting the unit with the
highest performance, the impacts of different factors, including fluid
mass flow rate, the PCM melting state, and mass fraction of nano-
particles on the efficiency of the chosen unit, are poked. Furthermore, all
simulation procedures are performed using the transient approach with
variable ambient temperature, wind speed, solar intensity, and sky
temperature.

2. Numerical model

In the current research, the effect of combining an ETC unit with
various components such as PCM, porous metal foam, and PV module is
studied to propose a unit with the highest performance. In the first step,
the efficiency of the mentioned units is collated with the base case

ciency of the best unit is evaluated. In Fig. 1, a 3D view of the FETC-PV-
PCM is presented. This figure shows that the FETC-PV-PCM hybrid unit
consists of a glass cover, a vacuumed media, a PV module layer, a copper
layer, PCM, and a copper pipe filled with porous metal foam. The dif-
ference between this unit and the ETC-PV-PCM hybrid unit is lacking
porous metal foam in the fluid channel. Also, the ETC-PCM unit does not
have both the PV layer and porous metal foam.

In the FETC-PV-PCM hybrid unit, the solar intensity absorbs in the
PV layer. In this layer, a part of solar radiation converts to electrical
energy directly. While the rest of solar radiation converts to heat. The
produced heat in the absorber layer is transferred to both the environ-
ment and the core of the unit. A part of the thermal energy transfers to
the ambient through the radiation mechanism to the sky. The rest will
deliver to the operating fluid through conduction and convection heat
transfer. The geometrical dimensions of some parts of the FETC-PV-PCM
hybrid unit are listed in Table 1. Also, the properties of the components
of the units are provided in Table 2.

As mentioned earlier, the impact of nanoparticle dispersion in pure
water is examined to enhance the ETC unit’s performance. In this study,
the MWCNT nanoparticles are mixed with the base fluid to boost the
unit’s overall efficiency. The specific heat capacity, density, and thermal
conductivity of MWCNT nanoparticles are 3000 Wem™! e K1, 1600
kgem™3, and 769 J e kg ' @ K1, respectively [30]. In the present sim-
ulations, the single-phase model is used to apply the effect of fusing
nanoparticles in pure water. In this approach, the mixture’s heat ca-
pacity, density, thermal conductivity, and viscosity can be calculated as
presented in Table 3 [31-33].

In these equations, T, k, y, p, and C, refer to the temperature, thermal
conductivity, viscosity, density, and specific heat capacity, respectively.
Moreover, d and ¢ donate the diameter and mass fraction, respectively.

3. Equations and numerical details

The current section explains the governing equations of the units,
numerical assumptions, and boundary conditions of the units.
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Fig. 7. (a) Thermal output, (b) electrical output, (c) overall output, and (d)
average power of the hybrid units during the day at the conditions of the
base case.
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3.1. Governing equations

By choosing the ETC units as a control volume, balance equations for
water, PCM, and solid components can be written as pictured in Table 4.

In the equations presented in Table 4, H, 3, ¢, and Ay, refers to the
total enthalpy, liquid fraction, slight number (0.001) [36], and mushy
zone constant (10°). The enthalpy-porosity technique is imposed to
simulate the PCM in the unit. In this method, the PCM remains in a solid
state until getting its melting temperature. At this temperature, the PCM
stores thermal energy equal to its latent heat. In storing energy at a
constant temperature (melting temperature), the PCM transfers from the
solid state to the liquid state. Afterward, by melting all the PCM, its
temperature starts to increase again.

Also, in Table 4, K, ¢, k., and Cs refer to the permeability, porosity,
effective conductivity, and inertial coefficient, respectively. For simu-
lating the unit, the amount of permeability and porosity of the copper
foam is considered 7 x 10 and 0.8, respectively. Moreover, the amount
of inertial coefficient and effective conductivity can be obtained as
[34,37,38]:

1.75
Cr=—0- 15
T 1506/ as
k. = eks + (1 — €)kpouam (16)

3.2. Thermodynamic analysis

Based on the final and initial energy values of the ETC units, the
energy equilibrium of the simulated units can be presented as follows:

Emn = Et]l +Eele +Ela:s (17)

here, E,,, is the solar energy rate absorbed by ETC units, E, is the
rate of electrical generation by the ETC-PV-PCM and FETC-PV-PCM
renewable units, and Ej is the energy loss of the unit. It should be
noted that the PCM-based ETC unit cannot supply electrical energy. In
Eq. (17), the rate of thermal energy can be presented as follows [39]:

Ey=r1eCyo (T —Ty) (18)

where, m states mass level of water, T;, is initial temperature of
water, and T,,, is water outlet temperature. Furthermore, the electrical
production of the unit can be calculated as [24,40]:

Eue =1, ® v a9
Emn = G L4 A(‘ ® T, ® Uy (20)
My =1, @ [1—0.0045 o (T, — 298.15)] [o3H)

In the above equations, G, A, 74, and a.q refer to the solar intensity,
absorber area, transmissivity of the glass cover, and PV layer absorp-
tivity, respectively. Additionally, according to Eq. (21), the PV modules
electrical efficiency can be estimated based on the standard efficiency
(n,) and PV module temperature (Ty). In this equation, the standard
performance of the PV module is considered to be 15 %. Finally, the
overall performance of the ETC units can be determined as [41]:

Eov = Eele +Erh (22)

3.3. Boundary conditions

In the numerical models, the “mass flow inlet” boundary conduction
is applied at the inlet of the U-shaped channel. The atmospheric pressure
is imposed at the tube outlet. Also, for simulating the solar radiation in
the units, the “heat generation” situation is considered for the PV layer
of the ETC-PV-PCM and FETC-PV-PCM hybrid units are applied. More-
over, in the ETC-PCM renewable unit, the “heat creation” condition is
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Fig. 8. The melted PCM, PV layer temperature, and outlet temperature of FETC-PV-PCM unit at different water mass flow rates.

implemented in the absorber layer. In the current study, the modeling of
the units is done at the base case condition. Also, for evaluating the
effect of various parameters, every time, one parameter is variable (the
target parameter), and the other parameters are equal to the operating
conditions of the base case. The range of studied factors and base case
conditions are presented in Table 5.

Besides, for the convection and radiation heat transfer simulation
from the unit to the ambient, the outer surface of the unit is considered
“wall” with “mixed heat transfer” condition. To simulate the convection
and radiation heat transfer mechanisms, the sky temperature and
convective heat transfer coefficient are calculated as [42,43]:

hw — Vg.SSdg—OAZ (23)

Ty, = 0.0522T)3

amb

(24)

As presented in Eq. (23) and (24), the convective heat transfer co-
efficient depends on collector diameter and wind speed. Furthermore,
the sky temperature is the function of ambient temperature. For the
modeling of the units, the ambient temperature, solar radiation, and
wind speed are varied during the time presented in Fig. 2. It should be
noted that, in these simulations, the amount of water inlet temperature
and the ambient temperature is considered to be equal.

In the present study, for simplifications in the simulations, the
following assumptions are made:

o The surface of the glass coating is considered to be clean without any
external obstacles on its surface.

e The properties of all the unit components, including PCM, are
considered constant with variations in the unit’s temperature.

e The single-phase model is used to study the impact of nanoparticles
dispersion in the water

e The sky is supposed to be a black body.

4. Mesh study and validation

In this section of the present paper, the influence of the mesh dis-
tribution and time step size on the output results of the simulation and
the validity of the numerical results are discussed. Fig. 3 presents the
variation of outlet and PV layer temperature versus the number of cells.
The FETC-PV-PCM unit meshed with 500, 750, 1000, 2000, and 4000
thousand cells to study the impact of mesh quality on the results. The
results of the mesh study show that an increase in the number of PV cells
from 500 to 1000 raises both outlet and PV temperature rapidly. While
by elevation of cell numbers from 1000 to 4000 thousand cells, just a
minor variation in the numerical outputs can be seen. According to the
numerical results, the unit with 2000 cells is chosen for the following
simulation, pictured in Fig. 3 (b). As indicated, all unit components
except PCM have meshed with hexahedron cells. Due to the complexity
of the PCM media, this part of the unit meshed with tetrahedron cells.
Also, some thin layers are created in the operating fluid volume near the
tube wall to capture the temperature and velocity gradients of the fluid
accurately. The same mesh density is employed for both ETC-PCM and
ETC-PV-PCM units.

In addition to the independency of obtained results from the number
of cells, the numerical outputs should be independent of the time step
size in the numerical simulations. Therefore, the effect of this critical
parameter on the simulations is investigated. In Fig. 4, the effect of time
size on the operating fluid outlet temperature is outlined. As presented
in this figure, in the large time steps, such as 600 s and 300 s, the ob-
tained results are not reliable due to their sensitivity to the variation of
time step size. By reducing the time step size from 600 s to 300 s and
from 300 s to 180 s, the variation in the outlet temperatures of the
operating fluid is 0.15 °C and 0.14 °C, respectively.

On the other hand, a reduction in the time step size from 60 sto 30 s
and 10 s has a minor effect on the unit’s performance. Therefore, to
simulate the designed units, the time step size is considered 30 s. It is
noteworthy to mention that the presented results for both mesh and time
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Fig. 9. (a) The overall performance of different units by variation of water mass
flow rates and (b) the detailed performance of the unit at the water flow level of
10.8 L/h.

step size independency belong to the FETC-PV-PCM unit at the
noontime.

In addition, for the validity of the numerical outputs, the present
study results are compared with the numerical results of Olfian et al.
[13]. To compare the current data with the obtained information from
Olfian et al. [13], the specification of the present study is chosen as the
reference mentioned. In this order, the inner glass tube dimensions,
outer glass tube, U-shaped tube diameter, and collector length are
assumed to be 37 mm, 47 mm, 6 mm, and 500 mm, respectively.
Moreover, the inlet temperature and velocity of the fluid are 30 °C and
0.04 m/s, respectively.

The achieved outcomes of the current appraisal and the evaluation of
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Olfian et al. [13] are evoked in Fig. 5. As time elapsed, the melted PCM
mass fraction rose gradually, which can be attributed to the increased
solar intensity from the morning until noon. Based on the results, there is
a minor difference between the studies. The maximum and average er-
rors between the studies are 3.7 % and 2.4 %, respectively. As a result,
the numerical results of the present study are in excellent agreement
with the results of the investigation of Olfian et al. [13].

On top of that, to investigate the validity of the outputs, the nu-
merical outcomes are compared with the data of Mat et al. [44]. In the
mentioned study, the melting phenomenon of PCM in a smooth tube is
evaluated. The dimensions of the designed geometry are considered the
same as the experimental setup to compare the current results with the
data of Mat et al. [44]. This way, the inner tube radius, middle tube
radius, outer tube radius, and length of the numerical model are
considered 25.4 mm, 75 mm, 100 mm, and 200 mm, respectively. Also,
RT82 is regarded as the PCM of the unit. The comparison between the
PCM mean temperature during the melting procedure in the experi-
mental investigation of Mat et al. and the present investigation [44] is
provided in Fig. 5 (b). According to this figure, the results of the two
studies show an excellent agreement. The maximum and average errors
between the studies are 3.2 % and 2.1 %, respectively.

5. Numerical results

In this part, the thermal, electrical, and overall performances of the
three hybrid units, namely ETC-PCM, ETC-PV-PCM, and ETC-PV-PCM
integrated with metal foam are expressed, and the best unit from the
energy viewpoint is detected. Additionally, the influence of some fac-
tors, including the PCM melting temperature, the mass fraction of
nanoparticles, and fluid mass flow rate on the performance of the best
unit is investigated. The following results of the simulation of the units
are presented.

The amount of operating fluid outlet temperature, value of melted
PCM, and PV layer temperature, in different units, are pictured in Fig. 5.
As shown in this figure, the lowest and highest average outlet temper-
ature belongs to the ETC-PV-PCM and ETC-PCM units, respectively. The
operating fluid outlet temperature in the ETC-PCM unit has its highest
value collated with the other units due to the absence of the solar cell
layer. The PV module converts a portion of solar energy into electrical
energy. Thus, lower thermal flux is transferred to the PCM and operating
fluid. On the other hand, installing porous metal foam inside the tube of
the ETC-PV-PCM unit improves the operating fluid outlet temperature,
which is attributed to the enhancement in the transferred heat from the
PCM to the stream. Regarding the conventional tube, the temperature of
the operating fluid adjacent to the tube wall is remarkably higher than
the temperature of the fluid at the center of the tube because of poor
conduction characteristics of the operating fluid. However, the porous
metal foam has a high thermal conductivity, reducing the temperature
variation between the central and fluid layers attached to the tube.
Therefore, by reducing the temperature of the adjacent layer, the ability
of the operating fluid in thermal energy absorption from the PCM
increases.

Nevertheless, the outlet temperature of the ETC-PV-PCM unit is
higher than the operating fluid outlet temperature in the FETC-PV-PCM
unit after 16:00, which is attributed to the transfer of liquid materials to
the solid state. In the ETC-PV-PCM unit, the PCM stores higher thermal
energy, which releases to the unit during low solar radiation periods.
The results show that the average operating fluid final temperature for
the PCM-based ETC, ETC-PV-PCM, and FETC-PV-PCM is 32.88 °C,
32.64 °C, and 32.70 °C, respectively.

Also, based on Fig. 5, installing copper foam inside the tube reduces
the PV temperature. Indeed, by increasing the thermal quantity of the
fluid, the unit’s temperature reduces, including the PV layer. So, the unit
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Fig. 10. The variation of melted PCM, outlet temperature, and PV layer temperature of FETC-PV-PCM unit at different PCM melting points.

will produce more electrical energy in the presence of metal foam inside
the fluid channel. Moreover, a lower amount of solid PCM is transferred
to the liquid state due to reducing the unit’s temperature using metal
foam. Achieved outcomes show that the maximum amount of melted
PCM for the PCM-based ETC, ETC-PV-PCM, and FETC-PV-PCM units are
65 %, 57 %, and 37 %, respectively.

The thermal, electrical, and overall performance of the simulated
units at the base case condition are depicted in Fig. 6 (a), (b), and (c),
respectively. Moreover, the average performance of the units during the
day is pictured in Fig. 6 (d). As depicted in Fig. 6 (a), the PCM-based ETC
unit has the highest thermal output among the simulated units. How-
ever, integrating the unit with the PV module reduces unit thermal
power, which is due to electricity production by the PV module.
Combining the ETC-PCM unit with the PV module reduces the thermal
power of the ETC unit from 33.89 W to 31.84 W.

Moreover, it is concluded that installing metal foam in the fluid
channel causes an enhancement in unit thermal power, which can be
attributed to the higher interaction between the water and the pipe.
Based on the results, installing metal foam in the fluid channel of the
ETC-PV-PCM unit improves the thermal power of the unit from 31.84 W
to 32.29 W. Also, a slight increment in the unit electricity production is
created by filling the fluid channel with porous foam (Fig. 6 (b)).

According to the numerical simulations, the FETC-PV-PCM and ETC-
PCM hybrid units have the highest and lowest overall performance
among the studied cases, respectively. The overall output power of the
ETC-PCM, ETC-PV-PCM, and FETC-PV-PCM units are 33.89 W, 37.93 W,
and 38.42 W, respectively. Thus, for the following simulations, the in-
fluence of various factors is examined only on the FETC-PV-PCM hybrid
unit.

Fig. 7 shows the consequence of operating fluid flow level on the
outlet temperature, amount of melted PCM, and PV layer temperature of
the FETC-PV-PCM renewable unit. As can be seen, raising the mass flow
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rate from 3.6 L/h to 10.8 L/h reduces both outlet temperature and the
operating fluid and PV layer temperature remarkably. According to the
results, the maximum outlet temperature at the operating fluid flow
levels of 3.599 L/h, 7.198 L/h, and 10.81 L/h are 42.4 °C, 36.4 °C, and
34.2 °C, accordingly.

Escalating the mass flow level of fluid reduced the PV layer tem-
perature, and a reduction in the amount of melted PCM in the high mass
flow rates can be concluded. The maximum temperature of the PV layer
at the fluid mass levels of 3.6 L/h, 7.201 L/h, and 10.801 L/h are
48.58 °C, 43.47 °C, and 43.01 °C, respectively. As observed, in the unit
with the water mass flow rate of 3.6 L/h, the PCM starts to melt at
around 09:00. In comparison, PCM starts to melt around 10:00 for the
unit with the water mass flow rate of 7.2 L/h and 10.8 L/h. The first part
of the PCM that starts to melt is the materials adjacent to the upper area
of the absorber layer, which is toward the sky.

Based on the results, boosting the flow level from 3.6 to 7.2 L/h has a
higher impact on the temperature of the unit than the elevation of the
flow level from 7.2 to 10.8 L/h. This phenomenon is attributed to the
variation of PV layer temperature, amount of melted PCM, and outlet
temperature versus the fluid flow level. However, reducing the oper-
ating fluid outlet temperature (by raising the fluid mass flow rate) does
not lead to a decline in the thermal output power of the unit.

In Fig. 8 (a), the system net power at some operating fluid mass flow
rates is depicted. According to this figure, rising the fluid flow level
enhances the overall output of the unit. Increasing the mass flow level
inside the fluid channel has a constructive influence on the unit’s elec-
trical and energy performance. The thermal outputs of the proposed unit
at the fluid level of 10.8 L/h are 1.1 % and 4.5 % higher than that of the
unit at working mass flow rates of 7.2 L/h and 3.6 L/h, respectively.
Also, the mean power of the unit for the flow levels of 3.599 L/h, 7.201
L/h, and 10.799 L/h are 38.55 W, 39.75 W, and 40.13 W, accordingly.
Elevating the fluid flow level enhances the quantity of transferred heat
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Fig. 12. PCM liquid fraction in the proposed FETC-PV-PCM hybrid unit using the material with various melting points at noon.

from the copper pipe to the unit due to increasing the convection heat
transfer factor, which is due to raising the fluid velocity in the pipe.
Lifting the flow level from 3.6 to 7.2 L/h remarkably increases the
convective heat transfer coefficient, and further raising the mass flow
rate is not considerably influential on the transmitted heat to the oper-
ating fluid.

Moreover, the thermal, electrical, and energy loss of the unit at the
water flow level of 10.8 LPM is presented in Fig. 8 (b). This figure shows
that the unit produces the highest electrical and thermal energy value at
noontime. Also, the highest energy loss of the unit belongs to this time.
According to this figure, the amount of lost energy before sunset is
negative. During this period, the PCM releases the stored heat to the
unit. Thus, before sunset, the overall output power of the unit is more
than the received input solar energy by the unit. This figure shows that
most of the accumulated energy in the PCM transfers from the PCM to
the operating fluid at 16:00.

The impact of the PCM melting temperature on melted PCM, PV
temperature, and outlet temperature of the FETC-PV-PCM hybrid unit at
the flow level of 10.8 L/h are demonstrated in Fig. 9. As can be seen, the
reduction in the PCM melting spot leads to declination and increment in
the outlet temperature of the operating fluid before noon and sunset,
respectively. Reducing the melting point from 44 °C to 35 °C diminishes
the fluid final temperature from 34.54 °C to 34.05 °C at noontime. At the
same time, this variation in the melting spot of the PCM enhances the
fluid final temperature from 31.84 °C to 32.12 °C at 16:00.

Acquiring the PCM temperature to its melting temperature will store
a huge part of the thermal energy in this component. Thus, fewer energy

12

shifts from the mentioned unit to the operating fluid. By reducing the
DNI in the evening and declination in the PCM temperature, the melted
PCM transfer from the liquid to the solid state. As a result, the stored
energy in the PCM transfers to the fluid, increasing the outlet
temperature.

As depicted in Fig. 9, during the PCM melting procure, the temper-
ature of the PV layer reduces, which causes higher electricity generation
by the proposed unit. However, due to the heat transmission process
from the PCM to the unit in the evening, the PV layer temperature is
more than that of the PCM-based unit at high melting temperatures.

The temperature distribution of the proposed FETC-PV-PCM hybrid
unit using PCM with the various melting temperatures at noon is illus-
trated in Fig. 10. Considering this plot, increasing the PCM melting
temperature from 35 °C to 40 °C reduces the PV surface temperature.
Indeed, a massive part of the PCM with the melting spot of 35 °C is
thawed until noon. Thus, this type of material has not significant cooling
effect in the noon. Also, the unit utilizing PCM with the melting tem-
perature of 44 °C has the highest surface temperature among the studied
cases.

Moreover, the PCM liquid fraction at different melting points in the
noon is depicted in Fig. 11. According to Fig. 11, an increase in PCM
melting temperature reduces the quantity of melted PCM. As presented,
the PCM starts to melt initially in the lower and upper sections adjacent
to the absorber layer. Also, the last area where the PCM will melt is near
the fluid channel due to the extremely low temperature. Additionally, in
the proposed FETC-PV-PCM hybrid unit, using PCM with the melting
temperature of 44 °C, just a small fraction of the PCM got melted, which
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Fig. 13. The overall performance of different units at different PCM melting
points and (b) the detailed performance of the unit by utilizing PCM with the
melting spot of 35 °C.

can be attributed to the high melting temperature of the PCM.

The overall output of the proposed FETC-PV-PCM hybrid unit at
various melting temperatures is reported in Fig. 12 (a). As shown in this
figure, the thermal output of the FETC-PV-PCM generation unit using
PCM with the melting point of 35 °C, 40 °C, and 44 °C is 52.60 W, 54.22
W, and 58.74 W, accordingly. The electrical power of the unit is calcu-
lated to be 11.27 W, 11.76 W, and 11.23 W by utilizing PCM with the
melting spot of 35 °C, 40 °C, and 44 °C, respectively. Based on the re-
sults, the unit utilizing PCM with the melting temperature of 44 °C has
the highest overall performance in the noontime compared to the other
units. At this time, the FETC-PV-PCM unit using PCM with a melting spot
of 35.1 °C and 40 °C, a considerable section of thermal quantity is
accumulated in the PCM through the melting process. While in the unit
using PCM with the melting temperature of 44 °C, most heat transfers to
the fluid. Thus, the outlet temperature of the heat transfer fluid increases
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by raising the melting point of the unit. However, this phenomenon
negatively influences the electrical production of the unit. In the unit
using PCM with high melting points, the system operates at high tem-
peratures leading to a decrease in the output of the cell, which is highly
dependent on the temperature.

On the other hand, in the afternoon, the unit by PCM with poor
melting points has higher overall performance due to the heat transmit
phenomenon from the PCM layer to the fluid through solidification
procure.

In Fig. 12 (b), the variation of detailed performance of the proposed
FETC-PV-PCM hybrid unit with time at the melting temperature of 35 °C
is depicted. By comparing this figure with Fig. 8 (b), it can be seen that
the highest thermal power production by the unit transferred from noon
to 14:00. However, most of the electricity is still produced by the unit at
noon. Also, it can be concluded that utilizing PCM with a lower melting
temperature will transfer most of the heat from the PCM layer to the unit
at near sunset. Because of the low melting temperature of PCM, the
melted materials remain liquid until a considerable reduction occurs in
the solar radiation, which happens near sunset. At this time, the unit
temperature reaches the PCM solidification temperature, leading to heat
transmission from the PCM to the unit at a constant temperature.
Moreover, the reduction in the PCM melting spot increases the heat loss
of the unit until noon; while, it enhances the heat transition rate between
the unit and PCM before sunset.

Fig. 13 presents the quantity of melted PCM, final temperature of the
fluid, and PV layer temperature of the FETC-PV-PCM unit with various
nanoparticle mass fractions. As presented, MWCNT nanoparticle
dispersion in the water rises the operating fluid outlet temperature and
the PV layer temperature. Adding the nanoparticles to the operating
fluid of the mentioned unit raises the thermal properties of the mixture,
which raises the heat transition toward the fluid. This enhancement
leads to an increment in the outlet temperature of the fluid and a decline
in the temperature of the PV cells. For instance, at noontime, the outlet
temperature of the unit with nanoparticles mass fraction of 2 % wt. and
4 % wt. are calculated to be 0.57 % and 0.86 % higher than that of the
unit with pure water. Furthermore, at the same time of the day, the
temperature of MWCNT/water (2 % wt.), MWCNT/water (4 % wt.), and
the PV layer in the water, based units are 43.01 °C, 42.81 °C, and
43.13 °C, respectively.

Furthermore, the overall efficiency of the proposed FETC-PV-PCM
hybrid unit with different operating fluids of MWCNT/water (2 %
wt.), pure water, and MWCNT/water (4 % wt.) are presented in Fig. 14
(a). As depicted, the unit with operating fluids of pure water and
MWCNT/water (4 % wt.) has the lowest and highest overall perfor-
mance among the units. The unit with operating fluids of pure water,
MWCNT/water (2 % wt.), and MWCNT/water (4 % wt.) have an average
overall energy output of 40.0 W, 41.0 W, and 41.4 W, respectively (see
Fig. 15).

The detailed performance of the FETC-PV-PCM unit by using
MWCNT/water (4 % wt.) as the operating fluid is demonstrated in
Fig. 14 (b). By comparing this figure with Fig. 12 (b), it can be revealed
that nanoparticle scattering in the base liquid enhances the electrical
and thermal outputs of the unit. Also, considering nanofluid as the
operating fluid reduces the heat loss of the proposed unit.

According to the performed simulations, the FETC-PV-PCM unit at
the fluid mass flow rate of 10.8 L/h, RT-44 PCM, and MWCNT/water (4
% wt.) has the highest overall output.

6. Conclusion

In this numerical assessment, the operation of three different units,
including integration of Phase Change Materials with an evacuated tube
solar collector (ETC-PCM), an evacuated tube solar collector merged
with Photovoltaic (PV) cell and PCM (ETC-PV-PCM), and an evacuated
tube solar collector combined with metal foam, PCM, and PV cell (FETC-
PV-PCM) is studied. Initially, the performance of these units is
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Fig. 14. The melted PCM, final temperature, and PV layer temperature of FETC-PV-PCM unit at different mass fractions of nanoparticles.

scrutinized under the transient weather at the base case condition.
Henceforth, by comparing the unit’s overall energy performance, the
unit with the highest performance is chosen for further investigation. In
this step, the unit is simulated under transient weather conditions by
variation of parameters of the unit such as fluid flow level, the PCM
melting spot, and MWCNT mass fraction. Finally, the best unit with the
most proper working conditions is presented. The most remarkable
findings of this study are listed as:

The overall efficiency of the ETC-PV-PCM, ETC-PCM, and FETC-PV-
PCM units are 37.93 W, 33.89 W, and 38.42 W, respectively. Thus,
the FETC-PV-PCM hybrid unit has the greatest efficiency compared
to the investigated cases.

Increasing the fluid flow level enhances the thermal and electrical
power of the FETC-PV-PCM unit. By raising the fluid flow level from
3.8 L/h to 10.8 L/h, the mean thermal power of the unit increases
from 32.25 W to 33.71 W. Furthermore, by the same enhancement in
the flow level, the average electrical output power of the unit im-
proves from 6.30 W to 6.42 W.

Reduction in the PCM melting temperature leads to declination in
both the PV layer temperature and outlet temperature of the oper-
ating fluid in the noontime due to the heat absorption in this material
during phase change procure from solid-state to liquid-state.
Reduction in the PCM melting point has a favorable effect on the
thermal and electrical output power of the FETC-PV-PCM unit.
Raising the PCM melting spot from 44 °C to 35 °C elevates the overall
performance of mentioned FETC-PV-PCM hybrid unit by 0.4 %.
Raising the MWCNT mass fraction in the base fluid enhances the
thermal properties, improving the overall performance of the unit.
The overall performance of the MWCNT/water (4 % wt.) based
FETC-PV-PCM unit is 3.37 % greater than that of the water-based
FETC-PV-PCM generation unit.

The present study results show that the FETC-PV-PCM coupled unit
at the fluid flow level of 10.8 L/h and implementing PCM with the
melting point of 35 °C has the highest energy performance among the
studied units. Moreover, the best operating fluid of the unit accounted
for MWCNT/water (4 % wt.). However, some ideas can still attract re-
searchers’ attention to propose an ETC unit with higher performance.
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The suggested topics are:

e Adding fins inside the PCM media improves the heat transition rate
between the absorber layers as well as the PCM and the operating
fluid.

e Evaluating the effect of variation in the value of porosity, perme-
ability, and foam material on the outputs of the FETC-PV-PCM unit.

e Adding metal nanoparticles in the PCM to boost the heat conduction
coefficient of the mixture for enhancing the thermal conductivity
through the generation unit.

o Investigation of the effect of the installation of metal foam in the
PCM on the operation of the ETC-PV-PCM coupled unit.
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