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ARTICLE INFO ABSTRACT
Keywords: Photovoltaic systems suffer from electrical efficiency loss due to increases in surface temperature.
Ribs and petal arrays To tackle this problem, Photovoltaic Thermal, consisting of photovoltaic and tube configurations

Coiled twisted tapes
SiC enhanced nanofluid and NPCM
PVT system

attached to its back, is suggested. This study attempts to develop a new collector design in
photovoltaic thermal systems. The new design features ribs and petal arrays on its inner and outer
surfaces and a coiled twisted tape positioned inside it. The study also uses silicon carbide
enhanced nanofluid (0.3 % and 6 % volume concentration) and phased changing material (1 %
volume concentration) to boost the thermal efficiency further. Using an indoor solar simulator,
the study investigates the effects of mass flow rate in the range of (0.1-0.85) kg/s, solar irradi-
ances of (400-1000) W/m?, and coolant types of (water, 0.3 % and 0.6 % SiC enhanced nanofluid,
water and nanophase changing materials, and 0.3 % and 0.6 % SiC enhanced nanofluid and
nanophase changing materials). Besides revealing the relationship between all the parameters
studied, the results report a maximum electrical energy efficiency of 11.2 %, thermal energy
efficiency of 86.2 %, and total exergy efficiency of 15.3 %. The system reached optimal power
production of 25.99 W using a photovoltaic module with a maximum power rate of 30 W.

1. Introduction

Recently, there has been a significant surge in demand for the adoption of solar technology, especially photovoltaic (PV) [1]. This
can be attributed to several factors, such as its environmentally friendly nature, cost-effectiveness, and flexibility in installation and
maintenance [2]. Considering all the myriad benefits PV offers in conjunction with the concerted global push by scientific commu-
nities, governments, and international organizations against traditional sources of energy production, especially fossil fuels, PV has
become one of the potential choices of the future [3]. Nevertheless, research has reported that PV is fundamentally prone to losing
efficiency due to temperature rise in its surface area [4]. It has been confirmed that every 1 °C rises in the surface area of a PV results in
a 0.5 % corresponding loss in electrical efficiency [5]. This issue is certainly of grave concern, given the amount of loss produced
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rapidly increases as more solar irradiances are applied [6].

Therefore, scientists have explored many options to mitigate this problem. One of the most recognized approaches to substantially
eliminate this problem is to design a Photovoltaic Thermal system (PVT), which involves the circulation of fluid behind the back of the
PV to cool down the surface temperature of the PV [7]. Over the last four decades, PVT has been given particular emphasis, especially
regarding enhancing its thermal and electrical efficiencies [8]. Various techniques have been employed to maximize the overall
performance of PVT systems. However, passive cooling techniques have emerged as one of the most preferred methods by which PVT’s
efficiency has been boosted [9]. These techniques exploit natural principles without any need for external force or energy utilization,
relying alternatively on increasing the contacting area, modifying microstructure, improving surface conditions, disturbing boundary
layers, inducing the creation of vortex, creating more turbulence in the flow, etc. [10,11]. The application of nanofluid (NF), nano-
phase changing material (NPCM), ribs, and coiled twisted tape are common practices in PVT systems [12].

Since water has low thermophysical properties, researchers have employed NF to cool down the surface temperature of PV. NFs are
fluids with nanoparticles (usually metals or mental oxide) integrated into their structures which help in enhancing the fluid’s ther-
mophysical properties such as density, viscosity, and thermal conductivity [13]. For instance, Jabeen et al. [14] have used SiC
enhanced NF in their new design of PVT and obtained optimal thermal and electrical efficiency of 45.13 % and 15.37 %, respectively.
In another study, Biiyiikalaca et al. [15] employed hexagonal boron nitride enhanced NF to their PVT collector. Using IA techniques,
they have developed a model which demonstrates the superior performance of the NF collector over the water based one. Lastly,
Al-Aasam et al. [16] have also employed SiC enhanced NF, and their result demonstrates that electrical and thermal efficiency of 9.46
% and 88.3 % have been obtained, respectively.

Another powerful technique that is found in the literature is employing PCM. (PCM) are substances that absorb or release sig-
nificant amounts of heat during phase transitions. More recent literature has introduced NPCM (PCM with nanoparticles usually metal
or metal oxide) which demonstrates better thermophysical properties, making it more suitable for the application of PVT systems.
Bassam et al. [17] have used SiC enhanced PCM with 1 % volume concentration in their new design of PVT, and their findings have
indicated that the impact of the NPCM has been significant to the extent that electrical and thermal energy efficiency reached 10.8 %
and 83.3 % respectively. Similarly, Aziz et al. [18] reported that their design of PVT, which employs NPCM, resulted in an electrical
energy efficiency of 10 % and a thermal energy efficiency of 86.5 %. Finally, Maseer et al. [19] used aluminium oxide enhanced PCM
and recorded a 14.04 % improvement in overall efficiency compared to the case of using bare PV.

In addition to NF and NPCM, the profile design of the absorber tube also impacts the system’s thermal performance. Heat transfer
enhancement will be obtained as the absorber tube’s surface condition increases. Literature has offered many ways to improve the
surface conditions of absorber tubes, such as incorporating ribs, dimples, fins, etc. [20]. A powerful technique to enhance heat transfer
is to employ ribs in the tube design [21]. Usually, ribs are extended surfaces applied to a tube to increase heat transfer by increasing
area and changing the flow condition. Aljibory et al. [22] have investigated the effects of annular ribs on heat transfer enhancement. It
has been confirmed that the heat transfer coefficient is increased by 84.3 %. Moreover, Li et al. [23] increased the heat transfer co-
efficient by 120 % using discreet double inclined rib. Finally, Hasan et al. [24] have studied the effects of ribs on friction and entropy
generation, which are the main drawbacks of passive cooling techniques in general. Their findings demonstrated that friction and
entropy generation can be minimized in the application of ribs by optimizing the design parameters of the absorber tube.

Additionally, inserting twisted tapes and coils in a tube will enhance heat transfer by increasing contact area and creation of
vortices [25]. Ard et al. [26] have employed a clockwise and counterclockwise twisted tape to a tube, and their contribution yielded
about a 90 % increase in Nusselt number compared to a smooth tube. Similarly, Bass et al. [27] investigated the Reynold number range
over which twisted tapes work best, and their results showed that they work best when the Reynold number is low. Additionally,
Promvonge et al. [28] have compared the effects of a twisted tape alone and a coiled twisted tape on the thermal performance of an
absorber tube. Their results have indicated that a coiled twisted tape enhances the thermal performance of the absorber twice as much
as a stand-alone twisted tape.

Nomenclature

Apy Area of the solar panel (m?) T; Temperature of fluid in the inlet of the pipe (°C)
CP Specific heat (J/kg K) Tour Temperature of fluid in the outlet of the pipe (°C)
Em Energy in (W) Ts Sun temperature (°C)

Ey Electrical energy (W) Ty Ambient temperature (°C)

Epmass in Energy due to inlet flow (W) Ve Voltage of open circuit (V)

Enmass out Energy due to outlet flow (W) Vmax Maximum voltage (V)

Ew Thermal energy (W) u Velocity (m/s)

Eloss Energy loss (W) The Greek symbols

Eou Energy out (W) (%] Nanoparticle volume fraction %

Egun Sun energy (W) P Nanofluid density (kg/m®)

];:p Energy pump (W) Pof Density of based fluid (kg/m>)

EX; Exergy in (W) Prb Density of nanoparticles (kg/m>)

EX, Electrical exergy (W) Prf Density of nanofluid (kg/mS)

FXmass in Exergy due to inlet flow (W) Prp Density of nanoparticle (kg/m®)

EXmass out Exergy due to outlet flow (W) 2% Viscosity of based fluid (Pa. s)

EXoss Exergy loss (W) Hnf Viscosity of nanofluid (Pa. s)

EXqun Sun exergy (W) A Thermal conductivity (W/M. K)

(continued on next page)
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(continued)
Nomenclature
EXoue Exergy out (W) m Mass flow rate (kg/s)
EX, Exergy pump (W) P Density (kg/m%)
EXy Thermal exergy (W) M Dynamic viscosity (Pa. s)
FF Fill factor Tg Transmissivity of the glass
I Current of short circuit (A) My Pump efficiency (%)
1 Solar irradiance (W/m?) Olcell The absorptivity of cell
Inax Maximum current (A) AP Pressure drops (pascal)
Knp Thermal conductivity of nanoparticle (W/M. K) € Electrical exergy efficiency (%)
Ky Thermal conductivity of based fluid (W/M. K) Netotal Total energy efficiency (%)
Kys Thermal conductivity of nanofluid (W/M. K) € Thermal exergy efficiency (%)
N Avogadro number Eqotal Total exergy (%)
Parax Maximum Power (W) n, Total energy (%)
Qu Heat obtained (W) n, Thermal efficiency (%)
N Electrical efficiency (%)
Etotal Total exergy (%)
Table 1
The specification of the SW30M — 36 PV module used in the experiment [29].
Model Type SW30M-36
Solar Cell Type Mono
Pmax Vmax Imax VOC ISC
30W 189V 1.89A 229V 1.99 A
Size Of the Panel 360 x 670 x 17 mm
Weight 2.4 kg
Standard Test Condition 1000 W/m?, 1.5AM, 25 °C
Output Tolerance 7W

A

Tube diameter=17.78mm
) " Tube length=30mm

i X X X 3 DR - S Sy - Ribwidth=1mm
petals Ribbed and Petaled array absorber tube Rib height=0.1 mm

i T T e O

Twist length =40mm

Twisted tape Number of twists =15
Spring diameter=1.4 mm
Q0SS MMV YYYYYYTT G st betmeentaist - orm
Spring

Ribbed and Petaled array absorber tube equipped with a coiled twisted tape B

Fig. 1. A) a SolidWorks module and B) real picture and geometrical specification of the tube used in this study.
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Table 2
The details of the SiC nanoparticles used in this study [17].
Manufacturer Appearance Purity  PH value Crystal Melting Grain Thermal Bulk Zeta
type point size Conductivity Density potential
US Res. Greyish 99+% 3-7 at Cubic 2745 °C 40-60 370-490 W/m K 3.22¢g/ 27.8 mV
Nanomaterials white 20°C nm cm3
Table 3

The details of the paraffin wax used in this experiment [29].

Melting point temperature Liquid state density Solid state density Thermal conductivity Solid state-specific heat Liquid state-specific heat

49°C 835 (kg/m?) 935 (kg/m?) 0.23 (W/m°C) 2100 (J/kg °C) 2100 (J/kg °C)

Sic surfactant
nano-powder powder

~

pouring 2

sonication at 80C

I for 1 hours

. >
mechanical
stirring

(A)

i ) melting
paraffin wax solid the par affin wax

S
' \ . _sxlles
SiC nanoparticles 1

stirring
the nano-composite

(B)
Fig. 2. Step-by-step preparation of A) NF and B) NPCM.
Despite all the improvements documented in the literature, there is still a significant gap regarding developing a collector design

which shows outstanding thermal performance. The two latest design of Bassam et al. [17] and Al-Aasam [16] are evidence of the gap
since they only achieved maximum power of 20 W using a 30 W P module.
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e Having stated the research gap to which this study is devoted, the new collector design is suggested, which features ribs, petals
arrays, and a coiled twisted tape. It additionally uses 0.3 % and 0.6 % SiC enhanced NF and 1 % SiC enhanced PCM.

The main application of this study is to help countries with hot climates incorporate PV technology into their energy infrastructure
more efficiently. The PVT study was conducted indoor encompassing mass flow rates of (0.1, 0.025, 0.4, 0.55, 0.7, 0.85) kg/s, solar
irradiance of (400, 600, 800, and 1000) W/mz, and coolant types of (water, 0.3 % and 0.6 % SiC enhanced nanofluid, water and
nanophase changing materials, and 0.3 % and 0.6 % SiC enhanced nanofluid and nanophase changing materials). The output of the
study is a meticulous investigation of energy, exergy, and power production of the studied PVT systems. The selected mass flow rates,
solar irradiances, and coolant types are chosen for reasons such as they are the best range over which performance is enhanced, match
real-world applications, and technical and economically are feasible.

2. Methodology
2.1. Physical model

PVT consists of two main parts namely, PV and a thermal collector in a form of tube configurations. This study uses a mono-
crystalline PV module called SW30M — 36 with the specifications outlined in Table 1. Literature has shown that nine lines of pipe in a
serpentine configuration optimizes heat transfer in the case of a PV with an area of 0.24 m? [17]. As mentioned, the study utilizes a
special pipe featuring ribs and petal arrays designed on its inner and outer surface to enhance heat transfer. Also, the study placed a
coiled twisted tape made from carbon steel in the tube to increase thermal performance by increasing the contact area further, creating
more turbulence in the flow and inducing the formation of a vortex. Fig. 1 provides a pictorial demonstration and geometrical
specification of the newly designed collector.

2.2. Nanofluid and nanophase changing material preparation procedures

Before conducting the experiment, the NF and NPCM must be prepared. The study will prepare two volume concentration of SiC
enhanced NF namely 0.3 % and 0.6 %. It will also prepare 1 % SiC enhanced PCM. Regarding the NF preparation, for every 24 litters of
water, 463.2 g of SiC nanoparticles will be used for 0.6 % volume concentration and 231.6 g of SiC nanoparticles for 0.3 % volume
concentration [29]. Nevertheless, in the case of the NPCM, for every 2.5 kg of melted paraffin wax, 100 g of SiC nanoparticles will be
used to prepare 1 % volume concentration of SiC enhanced PCM [29]. Tables 2 and 3 show the details of the SiC nanoparticles and the
paraffin wax used in this study.

Having scaled all the component correctly and given that water and SiC nanoparticles do not mix naturally, the study used pol-
yvinylpyrrolidone in the NF preparation procedure. Water, surfactant of polyvinylpyrrolidone, and nanoparticle of SiC are mixed in a
container and agitated for 5 min using a mechanical mixing device. Then, it will be placed in an ultrasonic bath for 3 h under the
temperature of 80 °C and a vibration frequency of 50 Hz [29]. Fig. 2 (a) shows a step-by-step explanation of how to prepare the NF.
Regarding NPCM preparation, paraffin wax is melted in an ultrasonic bath and mixed with SiC nanoparticles and a surfactant of
polyvinylpyrrolidone. After mixing them for 5 min with a mechanical device, they will remain in an ultrasonic bath for 3 h under a
temperature of 80 °C and vibration frequency of 50 Hz to guarantee homogeneity in mixing [29]. Fig. 2 (b) shows the step-by-step
preparations of the NPCM.

After the NF and the NPCM are completely prepared, either their thermophysical properties or the homogeneity of their distri-
bution must be checked to ensure that they have been prepared correctly and will have good impacts as cooling mediums.

Utilizing a device called The Anton Paar model DMA 1001 Density, the density of the NF and NPCM were figured out over a
temperature range of 15-50 °C. Subsequently, the obtained result was numerically confirmed using Equation (1), [30].

Pop = (L= D)pys + Py (€9)]

Pry is the density of the new mixture, ¢ is the volume percentage of each element, and p,,, and p; are the densities of the nanoparticle
and water, respectively.

The same method was applied to find the samples’ viscosity and thermal conductivity, except that Anton Paar’s model MCR 92
viscometer and Linseis’s model THB-500 devices were employed to find the samples’ viscosity and thermal conductivity, respectively,
over the determined temperature range. Equations (2)—(4) also numerically confirmed the obtained results [31].

1

Hng = by o3 (©))
(1 _ 387 (%) . §L00
6M
P =Nz x Pub ®

Where p, and p,, are the viscosity of the NF and water, p,, and p,, are densities of nanoparticles and density of water, M is fluid
molecular weight, N is Avogadro number, and p,, is the density of the based fluid.
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Table 4

The thermophysical properties of the nanofluid.
Temp (°C) Water 0.3%SiC 0.6%8SiC

p kg/m> u K p kg/m> u K p kg/m*® n K
Pa.s W/M. K Pa.s W/M. K Pa.s W/M. K

15 999.1 1.11 0.55 1006.6 1.38 0.61 1013.3 1.47 0.63
20 998.3 113 0.58 1006.2 1.36 0.63 1012.9 1.47 0.66
25 997.1 1.08 0.60 1005.1 1.29 0.65 1011.9 1.39 0.68
30 995.8 0.99 0.62 1003.1 1.19 0.67 1010.5 1.27 0.69
35 994.2 0.89 0.64 1001.4 1.11 0.69 1008.9 1.18 0.71
40 992.3 0.80 0.66 999.2 1.01 0.7 1006.8 1.08 0.73
45 990.2 0.74 0.67 997. 0.97 0.71 1003.6 0.99 0.74
50 987.8 0.73 0.68 994.1 0.98 0.72 1000.6 1.01 0.75

L——1 200 am

Fig. 3. TEM images of the NF and NPCM.

Kup + 2Ky + 2 (Knp — Kiy)

nf = 4)
d K"P + 2be -2¢ (K"P - be)

Where Ky, K, and Ky are the thermal conductivity of the prepared sample, nanoparticle, and the based fluid. Finally, the specific
heat capacity of the samples was numerically calculated using Equation (5) [31].

(1 - ¢)(pcp)water + (¢pCP)"p
Pmix

Table 4 compiles the thermophysical properties of the NF over a temperature range of 15-50 °C, which is considered a good range

CPrix = (5)
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nano-PCM |

nano-PCM container

®)

Fig. 4. A) final presentation of the PVT, B) the experimental rig, and C) the diagram of the experimental rig.

for the application of PVT. Moreover, the samples were subjected to TEM testing (Transmission Electron Microscopy) to ensure that the
sample had an appropriate level of homogeneity. The image of (A and B) in Fig. 3 are the image of the NF, and (C and D) are the images
of the NPCM. Both the thermophysical properties and TEM images demonstrate that the sample have improved thermophysical
properties and high range of stability. The results recorded for the NF and NPCM are consistent with the literature [29].

After preparing the physical model, NF, NPCM, and nine absorber tubes made from aluminium in the serpentine configuration were
attached to the back of the PV. The number of tubes and the serpentine shape are considered the best design configurations in the
literature for the used module [17]. Then, the NPCM was poured on the back surface of the PV and an NPCM container. The NPCM
container was manufactured to prevent the NPCM from wasting, especially when it turns into liquid at high temperatures, and it also
increases the system’s thermal efficiency further. Lastly, as shown in Fig. 4 (a), all the parts were collected as one module.
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Fig. 4. (continued).

2.3. The experimental rig

After preparing the PVT prototype, it was integrated into the experimental setup depicted in Fig. 4(b) and (c). Fluid comes from a
fluid tank; its velocity is determined through a DHYB-800 digital flow meter. Subsequently, it passes through an RTD sensor before
entering the PVT to measure its temperature. Once the fluid leaves the PVT, the RTD sensor will measure its temperature again. The
fluid goes back into the fluid tank, and circulation keeps repeating. A cooling unit and a heat exchanger are used to keep the tem-
perature of the fluid tank at ambient temperature. Additionally, thermocouples are connected to the surface of the PV, and the
temperature of the PV’s surface is measured through a DT80 data taker. Lastly, an MP-11 I-V checker is employed to measure the
electrical output of the PV. The two active component of the system are the pumps and the cooling unit. Nevertheless, all the
calculation performed in this research has already subtracted the amount of energy consumed by the pumps. Moreover, in real PVT
application the hot water produced will be used for other purposes, and there is no need to use a cooling unit.

2.4. The mathematical models applied in this study

The first PVT analysis that this study performs is energy balance, where the sum of the energy that enters the system, namely the
energy of the sun and energy obtained due to fluid entering the system, is equal to the output energy produced, such as electrical power
produced, energy form fluid leaving the system, and wastes generated in the process. Equations (6) and (7) are the energy balance
equations stated mathematically [32-35].

Z Em = Z Eout + Z Eloss 6)

Esun + Ema.ss in = Eel + Emass out + Eloss (7)

From equation (8), the sun energy is the multiplication of the solar irradiance (I) entering the system, the area of the PV (A,,), and
T g and oy, which are the transmissivity of the glass over the PV cell and the absorbability of the cells [32-35].

Esun =Ix Apv XT gl X Ocelt (8)

The electrical output of the system can be calculated through Equations (9) and (10), where I, V,., and FF are the current of the
short circuit, the voltage of an open circuit, and the fill factor of the PV [32-35]

Eq=Icx Vo x FF 9)
Imax >< Vmax
FF=——— 10
ISC >< VDC

After finding the system’s electrical output and the sun’s energy, the system’s electrical energy efficiency can be calculated using
Equation (11) [32-35].
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Eq Lo x Vo X FF

Ne=7= =
Esu.n Ix Apv XT 8l X el

(11)

Equations (12) and (13) calculate the system’s thermal efficiency, where all the parameters have already been explained [32-35].

Ema.ss out — Emuss in = Eth =m X Cp(Tuut - Tm) (12)

En  mx Cy(Touw — Tin)

N ==

St (13)
Esun I x Apv XT g X Olcell

The energy efficiency calculated above does not consider the amount of energy the pumps have consumed. Therefore, Equations
(14)-(16) will recalculate the system’s energy efficiency, considering the loss generated. In Equations (14)-(16), p,andn, are the
pressure drop, the fluid’s density, and the motor’s efficiency [32-35].

E"«el—new = Eel - Ep (14)
. n AP
=" 15)
o,
E,-E
Na=—"g—" (16)
sun

The second analysis this study has performed is exergy analysis, where again the sum of inlet exergy, which is exergy from the sun,
and exergy of the fluid entering the system is equal to the sum of exergy leaving the system, such as electrical exergy, exergy due to
fluid leaving the system, and finally exergy loss. Equations (17) and (18) are a mathematical statement of the exergy balance equation
[32-35].

Z EX = Z E.:-Xout + Z E."}(lass 17

EXsun + Ema.ss in = g ol + E)(muss out EXloss (18)

Lastly, the same process is repeated to calculate the exergy of the system with the exception that exergy equations always consider
the effect of ambient temperature since, ultimately, exergy is defined by the available amount of energy of the system. Through
equations (19)-(24), the total exergy produced in the system is calculated [32-35].

. T

EXgn =1 ><Apv(1 ,4) 19)
T;

EXel—new = el — EXp (20)

(I X Voo X FF) — ('"—AP )

EX _ EX 12
IxApv(lf%’) IXAPV(17%>

. ) . ) Tour

EXinass our — EXimass in = EXip =m X |:Cp(Taut B Tin) ~ TG ln( T; ):| .
in

EXm m x [CP(Tout - Tiﬂ) - TaCP In (Tﬁ: >:|
Eth = EX = -
sun I x Apv( — %)
Erotal = Eth + Ee (24)

2.5. Uncertainty analysis

Before performing any calculation, it should be mentioned that the devices used in this experiment have allowances for mistakes.
Thus, Table 5 and Equation (25) will calculate the percentage of error in the study [36].

0.5

R N\ (0RO R \*
|G ) () < Gew) | o
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Table 5
Error allowance for the used devices.

Equipment Measured parameter Uncertainty
RTD Sensor Inlet and outlet temperature +0.01
Thermocouple K type Temperature +0.1
TES pyranometer Solar irradiance +1.5
DHYB-800 digital flow meter Mass flow rate +0.5 %
DT80 data taker Surface temperature +0.01
MP-11 I-V checker Voltage & Current +1.0

77

KR

271 £

Eos f

<

E 65 £

v

= 62 |

gE; 59

= 56

=

531 Water
50 + y + + + ' +
0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09

0.05
Mass flow rates (kg/s)
= Ribbed and petaled array tube equipped with a coiled twisted tape-based collector
= Ribbed and petaled array tube equipped with twisted tape-based collector
Ribbed and petaled array tube equipped with a coil-based collector
= Ribbed and petaled array tube-based collector
Smooth tube-based collector

—

Thermal efficiency (%)
A

57
55 0.3% SiC enhanced NF
53 + + : : + + +

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Mass flow rates (kg/s)
= Ribbed and petaled array tube equipped with a coiled twisted tape-based collector
——Ribbed and petaled array tube equipped with a twisted tape-based collector

Ribbed and petaled array tube equipped with a coil-based collector
= Ribbed and petaled array tube-based collector
e Smooth tube-based collector

82
80
78
76
74
/)
70
68
66
64
62
60
58 0.6% SiC enhanced NF
56

Thermal efficiency (%)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Mass flow rates (kg/s)
= Ribbed and petaled array tube equipped with a coiled twisted tape-based collector
= Ribbed and petaled array tube equipped with a twisted tape-based collector
=——Ribbed and petaled array tube equipped with a coil-based collector
= Ribbed and petaled array tube-based collector
= Smooth tube-based collector
Fig. 5. (A, B, and C) are the thermal efficiencies of five collectors at solar irradiances of 1000 W/m?.

W=1[(0.01)*+ (0.1)* + (1.5)> + (0.5)> + (0.01)* + (1)*]*°

W=1.58%
3. Results and Dissuasion
3.1. Optimizing thermal energy efficiency
Prior to conducting the PVT experiment, this study aimed to elucidate the contribution of each component in the new collector

10
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Fig. 6. The electrical energy efficiency and energy loss recorded for all the cases of this study over various mass flow rates, solar irradiances, and
cooling medium.

design to thermal efficiency improvements and address concerns regarding the potential negative effects of increased pressure drop
associated with additional components. Thermal efficiency analysis was assessed for five distinct collector designs varying in their base
absorber tubes under a solar irradiance of 1000 W/m?, namely: a smooth tube, a ribbed and petaled array tube, a ribbed and petaled
array tube with a coil, a ribbed and petaled array tube with a twisted tape, and a ribbed and petaled array tube with both a coil and
twisted tape. Data presented in Fig. 5 reveals that the new design significantly outperforms all the other designs, especially the smooth
tube-based collector, showing thermal efficiency enhancements of 18.6 % with water, 22.2 % with 0.3 % SiC enhanced NF, and 25.4 %
with 0.6 % SiC enhanced NF at a mass flow rate of 0.085 kg/s. These improvements are attributed to increased contact area, enhanced
turbulence, and vortex formation facilitated by the new design. Despite the additional components contributing to higher pressure
drops, the thermal efficiency gains achieved by the new design are sufficient to offset these drawbacks, leading to overall superior
performance compared to all the other designs, and particularly the smooth tube-based collector.

3.2. Electrical energy efficiency and energy loss

The system’s electrical energy efficiency demonstrates a positive correlation with mass flow rates as it is the case in the literature
[37]. This is because as the fluid circulates faster, cold water meets hot surfaces sooner. Conversely, the relationship between solar
irradiance and electrical energy efficiency is more ambiguous. While the energy efficiency increases for solar irradiance of 400, 600,
and 800 W/m?, it encounters a decline for solar irradiance of 1000 W/m? [38]. For instance, the energy efficiency of 7.95 %, 9.11 %,
10.16 %, and 10.14 % are recorded for solar irradiances of 400, 600, 800, and 1000 W/m? when the mass flow rate of 0.085 kg/s and
water as a cooling medium is employed. This phenomenon can be attributed to the fact that as solar irradiance is low, sufficient cooling
capacity is provided for the system to function well. However, as solar irradiances increase, the system’s cooling capacity starts to
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Fig. 7. Temperature differences and thermal efficiencies for all the cases of the study at various mass flow rates, cooling medium, and solar
irradiances.

encounter insufficiency, resulting in a declining trend in energy efficiency. Additionally, as cooling techniques change from water to
0.3%8SiC and 0.6%SiC enhanced NF, the electrical energy efficiency increases by about 10-40 % for each technique. Nevertheless, the
declining trend at high solar irradiances remains even when NF is employed. This provides a reasonable justification that utilizing
NPCM is necessary. In the best-case scenario of employing a mass flow rate of 0.085 kg/s, solar irradiance of 800 W/m?2, and 0.6%SiC
enhanced NF, the system’s electrical energy efficiency reaches 10.61 %. With the incorporation of NPCM, the system’s overall energy
improves further. The highest electrical energy efficiency of 11.2 % is recorded when solar irradiance of 800 W/m?2, mass flow rate of
0.085 kg/s, and 0.6%SiC enhanced NF and NPCM are employed. Even though the system’s energy efficiency has increased every time a
new cooling technique is employed, there is still a lack of enough cooling capacity at high solar irradiances.

Lastly, as water changes to 0.3 % and 0.6 % SiC enhanced NF, the energy consumed by the pumps installed in the system increases.
The reason is that energy loss because of the pump predominately relies on pressure drop. The NF with the highest concentration of
nanoparticles produces the highest pressure drop. However, there will be more loss when the mass flow rate is high since the impact of
the mass flow rate is more powerful than the effects of pressure drop. The pumps’ highest energy consumption is 2.86 % when 0.6 %
SiC enhanced NF at mass flow rate of 0.085 kg/s is employed. Fig. 6 shows energy efficiency and losses at different mass flow rates,
solar irradiances, and cooling mediums. Black lines indicate system efficiency after pump energy consumption, while green lines show
the energy used by the pumps.

3.3. Thermal energy efficiency analysis
An important factor affecting the thermal efficiency of a PVT system is the difference between outlet temperature and inlet tem-
perature. Therefore, Fig. 7 shows the temperature differences and thermal efficiency for all the cases included in this research. The

black lines are thermal efficiencies for various mass flow rates, solar irradiance, and cooling techniques while the green lines are the
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Fig. 8. The relationship between mass flow rates, electrical exergy efficiency, and the ratio of ambient temperature over the temperature of the sun
over various solar irradiances and cooling medium.

temperature differences. As the mass flow rate increases from 0.01 kg/s to 0.085 kg/s, the system’s thermal efficiency increases [39].
For instance, thermal efficiency of 72.5 %, 74.2 %, 75.5 %, 76.9 %, 78.2 %, and 79.5 % are recorded for mass flow rates of 0.1, 0.025,
0.4, 0.55, 0.7, and 0.85 kg/s, respectively. The trend is attributed to the fact that faster circulation of fluid provides a more effective
cooling capacity. Conversely, an increase in solar irradiances exhibits a slight decline in thermal efficiency [40]. For instance, as solar
irradiances increase from 400 W/m? to 600, 800, and 1000 W/m? in the cases only employing water, the thermal efficiency declines
from 72.2 % to 71.6 %, 70.8 %, and 69.5 %, respectively. The reason is that more cooling capacity is needed as solar irradiances
increase. Employing 0.3 % and 0.6 % of SiC enhanced NF, and NPCM increases thermal efficiency from 77.6 %, the thermal efficiency
of only using water, to 79.4.6 %, 83.2 %, and 86.2 %, respectively. The temperature difference is significantly affected by the mass flow
rate. In low mass flow rate ranges, the fluid stays for a long time in the PVT system, causing the outlet temperature to be significantly
high. However, in fast flow rate ranges, the fluid stays for a short time in the PVT, and this causes a slight temperature rise. For
instance, in the case of only employing water, the temperature difference of 1.68, 0.7, 0.4,0.3,0.25, and 0.2 °C are recorded for mass
flow rates of 0.1, 0.025, 0.4, 0.55, 0.7, and 0.85 kg/s, respectively. Moreover, as solar irradiance increases, the temperature difference
increases as well. Temperature differences of 1.6, 2.4, 3.2, and 4 °C are recorded for solar irradiances of 400 W/m? to 600, 800, and
1000 W/m?. The reason here is that at high solar irradiances, the fluid can absorb more heat, causing a noticeable increase in the outlet
temperature.

3.4. Electrical and total exergy efficiency analysis

Like electrical and thermal energy efficiency, as mass flow rate increases, electrical exergy efficiency encounters a slight increase
caused by reasons delineated in the preceding discussion on electrical and thermal energy efficiency [37]. For instance, as the mass
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Fig. 9. The relationship between mass flow rates, total exergy, and the ratio of the logarithm of temperature differences over various solar irra-
diances and cooling mediums.

flow rate goes from 0.01 kg/s to 0.085 kg/s in the cases of only employing water, electrical exergy increases from 9.9 % to 10.3 %.
Nevertheless, the influence of solar irradiance comes under further scrutiny. The relation is directly proportional to solar irradiances of
400, 600, and 800 W/m? As the solar irradiances reach 1000 W/m? the electrical exergy efficiency declines slightly [38]. For
instance, considering the cases that only employ water, the electrical exergy efficiencies of 8.02 %, 9.2 %, 10.23 %, and 10.12 % are
recorded when solar irradiances are 400, 600, 800, and 1000 W/m?2. This declining trend at high solar irradiances demonstrates that
the system’s cooling capacity is insufficient to maximize energy production.

Additionally, as techniques like 0.3 % SiC enhanced NF, 0.6 % SiC enhanced NF, and NPCM are employed, the electrical exergy of
the system goes up from 10.23 % to 10.64 %, 10.7 %, and 11.24 % for solar irradiance of 800 W/m? and mass flow rate of 0.085 kg/s.
Fig. 8 illustrates electrical exergy efficiency and exergy loss due to pumps for all the cases over the scope of the research. As the mass
flow rate increases, so does the exergy consumed by the pumps, according to equation (15). Finally, the higher the concentration of
nanoparticles in the fluid, the higher the pressure drop induced in the tube, resulting in more exergy consumed by the pumps.

Given the thermal exergy of the system does not exceed 4 %, and the total exergy already is a summation of the electrical and
thermal exergy of the system, Fig. 9 shows the relations between total exergy, mass flow rate, and the logarithm of outlet temperature
over inlet temperature. As the mass flow rate increases from 0.01 kg/s to 0.085 kg/s in all the cases, the total exergy of the system
decreases slightly. For instance, it drops from 12.8 % to 10.6 % when the mass flow rate increases from 0.01 kg/s to 0.085 kg/s for solar
irradiance of 800 W/m? and employing only water. The reason is that the influence of mass flow rate is more significant on thermal
exergy than electrical exergy, and the relationship between mass flow rate and thermal exergy is reversely proportional. However, with
increases in solar irradiance, the total exergy slowly increases for all the solar irradiances. For example, for cases employing only water,
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Table 6
Comparing the finding of this study with similar cases reported in the literature.
Reference and Type of study Cooling techniques Results of the study
year
[171-2023 Experimental NPCM, clockwise counter twisted tape, SiC enhanced NF, finned absorber ~ Overall energy efficiency of
tube. 94.1 %.
[16]-2023 Experimental NPCM, SiC enhanced NF, and twisted absorber tube. Total energy efficiency of 95.5
%.
[41]-2023 Experimental Helical tube, nano-emulsions PCM. Overall energy efficiency of
89.23 %.
[19]-2024 Experimental Semicircle shape tube, NPCM, and Al,O3 enhanced NF. Total energy efficiency of 91.83
%.
[14]-2024 Numerical Absorber tubes with serpentine configurations and SiC enhanced NF. Overall energy efficiency of
60.5 %.
[42]-2024 Experimental and Absorber tubes with serpentine configurations, PCM, and Copper Foam Total energy efficiency of 86.48
numerical Matrix (CFM). %.
[43]-2024 Experimental PCM, absorber tube, Multi-Walled Carbon Nanotubes based NF. Overall energy efficiency of
76.5 %.
Current study Experimental Ribs and Patel array absorber tube, NPCM, SiC enhanced NF, and coiled Total energy efficiency of 97.7
twisted tapes. %.
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Fig. 10. The I-V and P-V characteristics of the solar cell for The PV alone.

as solar irradiance goes up from 400 W/m? to 600, 800, and 1000 W/m?, the total exergy of the system increases from 9.5 %, which is
the total exergy of the system at solar irradiance of 400 W/m?, to 11.28 %, 12.83 %, and 13.56 %, respectively.

Additionally, employing different cooling techniques, namely 0.3 % SiC enhanced, 0.6 % SiC enhanced, and NPCM increase total
exergy efficiency from 13.56 %, which is the total exergy of water at solar irradiance of 1000 W/m?, and mass flow rate of 0.01 kg/s, to
13.91.7 %, 14.4 %, 15.3 %. The highest total exergy efficiency of 15.3 % is recorded when the mass flow rate of 0.01 kg/s, solar
irradiances of 1000 W/m?, and 0.6%SiC enhanced NF and NPCM are employed. The logarithm of outlet temperature over inlet
temperature increases when the mass flow rate is low and solar irradiances are high. At lower mass flow rates, the fluid spends more
time in the PVT, causing the outlet temperature to be significantly higher than the inlet temperature. Also, at higher solar irradiances,
more heat is transferred to the fluid while it passes through the tubes, causing a more significant outlet temperature to be produced.

After meticulously analysing the effects of different mass flow rates, solar irradiance levels, and coolant types on the overall energy
and exergy efficiency of the systems, Table 6 contextualizes the findings by comparing them with results from recent studies that
address similar scenarios.

3.5. The I-V and P-V characteristics of the solar cell

As demonstrated in Figs. 10 and 11 which are I-V and P-V graphs of PV alone, PVT with water, SiC enhanced NF, and PVT with
NPCM, the maximum power production is always recorded at a mass flow rate of 0.085 kg/s and solar irradiance of 1000 W/m?.
Moreover, employing 0.6%SiC enhanced NF and NPCM offered the best power production. The preceding sections have provided a
detailed explanation of why such parameters have recorded the best efficiencies. The power production of the PV alone increases from
8.36 W to 17.512 W as solar irradiance goes up from 400 to 1000 W/m?. However, as water is employed, it rises to about 24.9 W.
Subsequently, it increases to 25.02 W and 25.2 W as 0.3 % and 0.6 % SiC enhanced NF are employed. Finally, it reaches 26 W when
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Fig. 11. I-V and P-V characteristics of the PVT for water, 0.3 % and 0.6 % SiC enhanced NF, and NPCM cases.

0.6%8SiC enhanced NF and NPCM are incorporated. As additional cooling techniques are applied such as water, 0.3 % SiC enhanced NF,
0.6%SiC enhanced NF, and NPCM for the same mass flow rate and solar irradiance, the solar panel’s surface temperature encounters
decline, leading to a decrease in short circuit current and maximum current while open circuit voltage, maximum voltage, and
maximum power experienced increases. For instance, at a mass flow rate of 0.085 kg/s and solar irradiance of 1000 W/m?, the short
circuit current decreased from 1.6838, which is the value for PV alone, to 1.6490, 1.6284, 1.6181, and 1.4862 A, which are the values
for water, 0.3%SiC enhanced NF, 0.6%SiC enhanced NF, and 0.6%SiC enhanced NF & NPCM, respectively. Additionally, maximum
power increased from 17.512, which is the maximum power of the PV alone, to 24.9, 25, 25.2, and 26 W, which are the maximum
powers for water, 0.3%SiC enhanced NF, 0.6 % SiC enhanced NF, and 0.6 % SiC enhanced NF & NPCM, respectively.

4. Conclusion

The study performs an energy and exergy analysis of a ribbed and petaled array absorber tube equipped with a coiled twisted tape.
The study employs SiC enhanced nanofluid and SiC enhanced PCM to improve the PVT’s overall efficiency further. Conducting the
experiment indoors under mass flow rates of (0.1, 0.025, 0.4, 0.55, 0.7, 0.85) kg/s, solar irradiances of 400, 600, 800, and 1000 W/mz,
and employing water, 0.3 % and 0.6 % SiC enhanced nanofluid, water and nanophase changing materials, and 0.3 % and 0.6 % SiC
enhanced nanofluid and nanophase changing materials, the following results were obtained.

e Optimization analysis demonstrates the superior thermal performance of the selected absorber tube over other studied absorber
tubes.
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The relationship between mass flow rate and electrical energy and exergy was directly proportional with an impact of a 1-4 %
increase.

The system faces energy and exergy efficiency decline at solar irradiance of 1000 W/m? due to lack of sufficient cooling capacity.
The study’s maximum electrical energy and thermal energy efficiencies of the developed design reached 11.2 % and 86.2,
respectively.

The study recorded maximum electrical and total exergy of 11.3 % and 15.3 %, respectively.

The maximum power of 26 W was recorded in the system.

The tube featuring ribs and petal arrays equipped with a coiled twisted tape, employing a nanofluid of 0.6 % enhanced nanofluid
and nanophase changing material, offered the best cooling capacity.

As water, 0.3 % SiC enhanced nanofluid, 0.6 % SiC enhanced nanofluid, and nanophase changing materials were applied, the short
circuit current and maximum current decreased while voltage and power encountered increased for the same mass flow rate and
solar irradiances. In the best-case seniors, the short current decreased from 1.6838, which is for PV alone, to 1.6490, 1. 6284,
1.6181, and 1.4862 A which are the results of water, 0.3 % SiC enhanced nanofluid, 0.6 % SiC enhanced nanofluid, and 0.6 % SiC
enhanced nanofluid & nanophase changing material while maximum power output went up from 17.512 to 24.9, 25, 25.2, and 26
W.

Obtaining all the results listed above, the following issues should be addressed in the future research endeavours.

Conducing a comprehensive Thermohydraulic Performance Factor analysis of the system to shin lights on the heat transfer
characteristics of the new design

Performing outdoor experiment to see the real performance of the new design under real world weather condition.

Employing more robust passive cooling techniques so that the system’s overall performance does not decline at high solar
irradiance.
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