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ABSTRACT: A comparative study is presented here and applied to a “hybrid system to enhance the thermal energy efficiency and
reduce carbon footprint, which is composed of photovoltaic-thermal solar panels, heat pipe, and heat pump, is presented hereby”.
A “two-dimensional heat transfer and fluid flow dynamic model was developed and presented using CUO and AiO203 to describe
the behavior of the different components of the hybrid system under different solar irradiance conditions, AiO203 Nanofluid, and
different refrigerants”. The model is based on “dynamic mass and energy equations coupled with the heat transfer formulas, and
thermodynamic properties of nanofluid, and refrigerants mixtures. Finally, the presented model has been validated, and its prediction
is fairly compared with available data.” It confirmed that CUO performs superior to AiO203 and other nanofluids reported in the

literature.

KEYWORDS: Numerical modeling, simulation, photovoltaic-thermal solar, heat pipe, heat pump, refrigerants, nanofluids, hybrid

system performance, model validation.

INTRODUCTION

Nanofluids are engineered colloidal suspensions of
nanoparticles within a base fluid. These advanced fluids have
gained significant attention due to their “enhanced thermal
properties and wide range of applications in heat transfer
systems, cooling technologies, and biomedical fields. Among
various nanoparticles, copper oxide (CuO) and aluminum
oxide (Al203) are widely used due to their availability,
stability, and impressive thermal properties”. This study aims
to provide a “comparative analysis of CuO and AI203
nanofluids in terms of their thermal conductivity, viscosity,
stability, and overall performance in solar photovoltaic (PV)
thermal applications”.

CuO and AI203 nanoparticles are typically synthesized
through chemical precipitation, sol-gel, or hydrothermal
methods. The “nanoparticles are dispersed in base fluids such
as water, ethylene glycol, or oil with surfactants and
ultrasonication to ensure uniform dispersion. Proper
dispersion of nanoparticles is crucial for maintaining the
stability and performance of nanofluids in solar PV thermal
applications”.

“Thermal conductivity is a key parameter in evaluating the
performance of nanofluids. CuO nanofluids generally exhibit
higher thermal conductivity compared to Al203 nanofluids
due to the superior intrinsic thermal conductivity of copper
oxide. This property makes CuO nanofluids more suitable for
solar PV thermal applications, where efficient heat transfer is
essential for enhancing energy conversion efficiency”.
Studies have shown that the “enhancement in thermal

conductivity increases with higher nanoparticle concentration
and smaller particle size. For example, CuO nanofluids can
achieve up to 30% enhancement in thermal conductivity
compared to base fluids, while AI203 nanofluids typically
show an enhancement of 15-20%.

“Viscosity affects the pumping power and flow behavior of
nanofluids. AI203 nanofluids tend to have lower viscosity
compared to CuO nanofluids at similar concentrations,
making them more suitable for solar PV thermal applications
where minimal resistance to flow is required. However, the
increase in viscosity with nanoparticle concentration must be
carefully managed to avoid excessive energy consumption.
The stability of nanofluids is essential for long-term
performance in solar PV thermal systems. Both CuO and
AI203 nanofluids require surfactants or pH adjustments to
prevent sedimentation and agglomeration. Al203 nanofluids
generally exhibit better stability due to their higher surface
charge and lower density compared to CuO nanofluids,
making them more suitable for long-duration applications”.
Recently, “solar PV thermal systems integrate photovoltaic
panels with thermal collectors to simultaneously generate
electricity and capture heat [1-4]. CuO nanofluids are
preferred in these systems for their superior thermal
conductivity, which helps improve heat transfer efficiency
and maintain lower operating temperatures of the PV panels.
This leads to enhanced electrical efficiency and overall
system performance. Al203 nanofluids, with their better
stability and lower viscosity, are more suitable for long-term
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applications where consistent performance and minimal
pressure drop are required”.

The comparative “study of CuO and AlI203 nanofluids in
solar PV thermal applications reveals that each nanofluid has
distinct advantages depending on the application [33-41].
CuO nanofluids offer superior thermal conductivity, ideal for
high-performance heat transfer applications. Conversely,
AI203 nanofluids provide better stability and lower viscosity,
making them suitable for applications requiring long-term
usage and minimal flow resistance. The selection between
CuO and AI203 nanofluids should be based on the specific
requirements of the solar PV thermal system, balancing
thermal performance, viscosity, and stability”.

“Heat pipes are designed to transfer heat with the minimal
temperature difference between the heat source and the heat
sink Literature has shown that Heat pipes are increasingly
popular as passive heat transfer technologies due to their high
efficiency when the appropriate refrigerants are used [1-3, 18,
20, 24-28]”. “It has been reported in the literature that New
PV technologies [1-29] have been shown to improve the
energy utilization efficiency of solar PV, such as multi-
junction cells, optical frequency shifting, and concentrated
photovoltaic (CPV) systems, among others; however, are
expensive”.

“The modeling and simulation of a novel hybrid system of
solar photovoltaic-thermal panels, heat pumps, and heat pipes
hybrid systems” along with a comparative study of the
aforementioned nanofluids are presented hereby, as an
innovative approach to improve “PV efficiency, deliver
efficient thermal energy, and power, and reduce the carbon
footprint™.

A schematic diagram of the hybrid system under study is
shown in Figure 1 and Figure la. This, consequently,
enhances the “energy conversion efficiency of solar
photovoltaic and hybrid systems. The conceptual
“photovoltaic-thermal panel integrated heat pipes and heat
pump was modeled and analyzed using a two-dimensional
dynamic model based on the heat transfer and nanofluid fluid
flow conversion equations”, and presented in the following
analysis.

MATHEMATICAL MODEL

“The hybrid system in question is composed of the PV solar
panel and Thermal solar tube collector as well as heat pipe
and thermal tank,” as shown in Figure 1 and Figure la. This
hybrid system consists of a “photovoltaic panel welded on the
backside and thin parallel tubes for the circulation of the

cooling fluid. The nanofluid flows through the “thermal solar
collector copper pipes and carries the recovered excess heat
away from the solar PV panel and thermal panel as shown in
Figure 1 and Figure.2.

Solar PV MODEL
It is well known that the cell temperature impacts the PV
output current and performance, and its time variation can be
determined from references [18-22, 41]. The AC power of the
inverter output P(t) is calculated using the inverter efficiency.
Ny » OUtpUt voltage between phases, neutral Vj,,and for
single-phase current I, And cos as follows:”
P(t) = \/gninvvfnlocosqj

1)

PV THERMAL MODEL
The heat absorbed by the PV solar cell can be calculated by
the following [27]:

Qin = aabsGS p

(2)
Where.
aaps: Overall absorption coefficient
G: Total Solar radiation incident on the PV module
Sp: Total area of the PV module

Meanwhile, the PV cell Temperature is computed from the
following heat balance [27,28,41];

dT,
mC p_mod ule _tC = Qin - Qconv - Qelect

d
@)

Where;
Tc: PV Cell Temperature
MCyp_modute: Thermal capacity of the PV module
t: time
Qin: Energy received due to solar irradiation, equation (3)
Qconv: Energy loss due to Convection
Select: Electrical power generated as defined by equation (1).
The thermal heat calculated by equation (3) is fed to the heat
exchanger, where the evaporator section of the heat pipe is
placed as shown in Figures 1 and 2. This “heat is absorbed
by the refrigerant in the evaporator section of the heat pipe
and transmitted by the natural circulation of the refrigerant to
the condenser section that drives the evaporator of the heat
pump.”.
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Figure 1: PV/Thermal-Heat Pipe hybrid system

Heat Pipe MODEL

“The pressure drop in heat pipes of the fluid flow has to be
compensated by the pumping pressure in the wick and the
capillarity as prescribed by Tardy and Sami [20], Endale [9],
and Reay and Kew [23]”;

APp =APi +APv +APg
(4)
Where APp, APl, APv, and APg are the total pumping
pressure, pressure drop for liquid return from the condenser,
pressure drop for vapor flow in the evaporator, and gravity
head, respectively.

“The thermophysical properties of the working fluid used and
the wick properties determine the design of the heat pipe”.
The main design limitations were extensively discussed by

Interested readers in the “capillary, sonic, entrainment limit,
and boiling limits of the heat pipes Tardy and Sami (2009),
Fargali et al. (2008); Reay and Kew (2006), and Tardy and
Sami (2008)”.

Readers interested in the details of the energy balance under
natural convection heat transfer in the thermal tank ( C.F.
Figure 1)for a single-control volume of heat pipe submerged
in the thermal tank [9] may consult reference Sami (41);

Figure 2 PV Thermal solar collector

Heat Pump MODE

The “steady-state energy balance equations of the water
source heat pump” are presented in [23] and [15-22, 41]. The
“refrigerant mass flow rate circulating in the heat pump in
question can be calculated as follows”:

mref = mpv * Cpw *(T9-T10)/(Nwx*(h1=h4)) (5)

T9 and T10 are the inlet and outlet temperatures of the HTF
to the evaporator, respectively.

The heat compressor power required to drive the heat pump
is:

Qcomp =nc » mref = (h2 —hl) (6)

Where nc is the compressor efficiency.

The condenser heat capacity can be calculated as follows:
Qcond = nhx « mref x (h2 —h3) (7)
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and, h3=h4

Where the hl, h2, h3, and h4 are the “enthalpies of the
refrigerant at the inlet and outlet of the compressor, and the
inlet and outlet to the expansion valve, respectively. The
enthalpies of the refrigerants were determined using pressure
and temperature [32].

Finally, the <“coefficient of performance, COP, which
describes the heat pump efficiency,” is

COP =Qcond/Qcomp

Qcond and Qcomp are the thermal energy at the condenser
and compressor, respectively.

The thermal efficiency of the heat pipe.

Qcond hp
— <cond hp 8
nhp Qevap hp ( )

Where, Qcona np represents the heat released by the condenser
section of the heat pipe and CapQcyqap np = Qen * 1 Where
Q:nCalculated by equation (4) is n Is the thermal efficiency

Table 1: Thermophysical Properties of magnetized nanofluids

of the heat exchanger where the evaporator section of the heat
pipe is placed?

Finally, the “hybrid system energy conversion efficiency for
harnessing energy from solar PV and solar thermal and solar
PV and heat pump, but not supplying the compressor power”
is:

nshwtpv = (Qcond + P(t))/(Qin + Qcomp) 9

Where Qin and Qcomp are defined in equations (2) and (9).

Magnetized Nanofluids:

Equations (14) through (16) can be used to determine other”
thermophysical properties such as a is the thermal diffusivity,
A, and p represent the thermal conductivity and density as
different magnetic forces Gauss” published in the literature
properties ([4] through [6]) as a function of the properties
outlined in the Table.1

Ai20s3 CuO

Fe304 SiO

Cpnt | b=0.1042a + 6226.5

b =0.2011a + 5730.8

b= 0.8318a + 4269.8 b =0.6187a + 4293.2

K nf b = 2E-05a + 1.4888

b = 5E-05a + 1.3703

b= 0.0002a + 1.0209 b =0.0001a + 1.0265

H b =0.0031a + 73.092

b =0.0031a + 73.073

b =0.003a + 73.225 b =0.003a + 73.231

Where “b” represents the nanofluid-specific property and “a”
is the magnetic field force in Gauss. Cyns, Knf, and h are the
specific heat, thermal conductivity, and heat transfer
coefficients of nanofluids.

NUMERICAL PROCEDURE

The numerical model presented hereby is based upon the
“energy conversion and heat transfer mechanisms taking
place during various processes; solar PV-Thermal, heat pipe,
and heat pump” as well as a thermal tank as shown in Figure
1, which are described in Equations (1) through (9). The
nanofluid AI203 and CUO, heat transfer fluid, circulates
separately in thermal tubes welded in the back of the PV
panel, driving the heat pipe and the heat pump. This permits
the calculation for each nanofluid apart from the “electrical
power output of the solar PV panel, thermal energy recovered
from the solar PV panel and supplied to the heat pipe to drive
the heat pump, in terms of solar radiation and other
geometrical parameters and boundary conditions”.
Dependent parameters were calculated and integrated into the
“finite-difference formulations”. “Iterations were performed
until a converged solution” was reached with an acceptable
iteration error”.

RESULTS AND DISCUSSION

However, the “numerical simulation presented hereby was
conducted with two Nanofluids AlO203 and CUO, under
different conditions such as; PV cell temperatures from 10°C

through 70°C, ambient temperatures from 10°C through 38°C
and solar radiations; 550, 750, 1000, and 1200 w/m?Zas well
as different refrigerants filled in the heat pipe with lower
Global Warming Potential (GWP) such as R134a (HFC
134a), R123 (HCFC 123), R125 (HFC 125), R32 (HFC 32),
R152a (HFC 152a), R1234ze ( HFO 1234ze), R1234fz(
(HFO 1234zf). Thermodynamic and thermophysical
properties were obtained using the methodology outlined and
presented in reference [31]. Readers interested in the
specifications of parameters used in this study are advised to
consult references [41]”.

Equations (1) through (3) demonstrate that the ‘“power
produced by the PV-thermal solar collector is independent of
the type of nanofluids used and depends uniquely on solar
radiation. Thus, the higher the solar radiation, the higher the
power produced by the PV-thermal solar collector”.

It also appears from equations (2) and (3) that the “thermal
energy generated by the PV-Thermal solar collector is
dependent upon the solar radiation and the concentration of
the nanofluids circulation in the thin tubes heat exchanger
molded to the PV solar collector as shown in Figure .2, thus
increasing the solar ration increases the thermal energy
produced and delivered to the heat pipes system. Moreover,
the greater the concentrations of the nanofluids, the higher the
thermal energy produced. As pointed out elsewhere in this
paper, the nanofluids generally exhibit higher thermal
conductivity, which increases with higher concentrations,
consequently increasing the thermal energy produced. This
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is well illustrated by the results displayed in Figure .4, where
the thermal energy produced by nanofluids is higher than that
produced by water as a heat transfer fluid.

However, it is important to note that the changes in the “PV
cell temperature caused by solar radiation have a dynamic
nature”. The “PV panel heats and cools down gradually
depending upon the changes in solar radiation in a dynamic
response, and consequently, the power output from the PV
panel”. This has been reported and discussed in the literature,
where similar observations were presented in references [15,
30].

As shown in Figure 2, the “PV-Thermal is composed of a PV
solar collector and thin heat exchanger pipes bonded to the

back of the PV solar model, without any air gap to ensure
complete heat transfer by “conduction, convection, and
radiation to the fluid flowing in the thermal pipes”. This “heat
transfer fluid from the PV thermal heat exchanger drives the
evaporator section of the heat pipe and the thermal heat
absorbed from the heat transfer fluid evaporates the
refrigerant in the evaporator section of the heat pipe. The
vapor refrigerant is then circulated by natural convection and
carried to the condenser section of the heat pipe, where it
dissipates its heat of condensation to the water in the thermal
tank, as shown in Figure 1. It is also worth mentioning that
the nanofluids Al0203 and CuO are used as heat transfer
fluids in the PV-thermal solar collector.

120
100
80
60
40
20

PV Power (W)

PV Power vs. Nanofluid

PV power at 500 W/m2

PV power 1000 W/m2

PV Power 750 W/m2

PV Power 1200 W/m?2

Water NF1%W NF5%W NF10%W NF 20%W NF 30%W

Nanofluid (different concentrations Weight %)

Figure 3 PV solar Power at different nanofluids

Figure 5 shows the “impact of higher solar radiation on the
thermal energy generated by the PV Thermal solar collector
and consequently the increase of the quaternary refrigerant
mixture mass flow rate circulating in the heat pump. Thus, it
can be observed further that the higher the nanofluid
concentrations, the higher the thermal energy produced and
the higher the quaternary refrigerant mass flow rate. This is
mainly due to the higher thermal energy supplied to the
evaporator of the heat pump enhances the rate of refrigerant
evaporation and consequently the refrigerant mass flow rate
circulating in the heat pump. The higher the increase in the
refrigerant mass flow rate, the higher the energy delivered at
the condenser”. side. Thus, eventually, this leads to “an
increase in the Coefficient of Performance of the heat pump
and the integrated efficiency of the hybrid system” in
question.

Equation (7) determines the “thermal energy released from
the hybrid system under investigation through the heat pump
condenser, where the vapor refrigerant mixture is condensed
and releases its thermal energy to the environment. The
results are shown in Figure 6, illustrating that the higher the
solar radiation, the higher the thermal energy emitted from

the heat pump condenser. In addition, the use of nanofluids
as a heat transfer fluid circulating in the PV-Thermal solar
collector enhances the thermal energy emitted from the heat
pump condenser. In particular, the higher the nanofluid
concentration, the higher the thermal energy released from
the heat pump condenser”.

The “compressor is designed to increase the pressure and
temperature of the refrigerant by compressing it. Higher
refrigerant flow results in more frictional losses in pipes and
components and higher suction and discharge pressure drops.
Thus, increasing volume flow, the compressor has to
compress more gas in each cycle, which also boosts the
required power. Thus, to increase the mass flow rate of the
refrigerant, the compressor power needed to be increased as
calculated by equation (6) in terms of the enthalpy difference
across the compressor. It has been shown in Figure 7, also
that the higher the concentrations of nanofluids, the higher the
friction losses and the higher the compressor power
consumed. As illustrated in Figure 5, the higher the solar
radiation and the higher the nanofluid concentration higher
the refrigerant mixture mass flow, which results in the
compressor power increasing”.
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The integrated efficiency of the proposed innovative system
is presented in Figures .1 and 2, where it is calculated by
equation (9). Figure 8 presents the “Integrated thermal
efficiency of the PV thermal-heat Pipes system at different
solar radiation and nanofluid concentrations. It is quite
evident from the results presented in this figure that the
“higher the nanofluid concentrations, the higher the
integrated thermal conversion efficiency” and also the “the
higher the solar radiation, the higher the integrated thermal

300
—~ 250
2
= 200
:
s 150 : ¢
& 100 o P
—
50
0

Water NF 1%W

Qthermal vs. Solar Radiations

—o— Qthermal 500 W/m2
Qthermal 1000 W/m?2

NF 5%W NF 10%W NF 20%W NF 30%W
Nanofluids (%)

efficiency”. This can be attributed to higher solar radiation
increases the temperature of the heat transport fluid
circulating in the PV-Therm solar collector, and also higher
nanofluid concentrations increase the rate of absorption of the
solar radiation incident on the PV-Therm solar collector and
consequently increase its temperature. Both contribute to
increasing the heat transport fluid circulating in the Solar PV-
Them collector”.

~— Qthermal 750 W/m2
Qthermal 1200 W/m2

Figure 4: Thermal energy at different solar radiation and concentrations of nanofluids.
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Figure 5: Impact of nanofluid concentrations on refrigerant mass flow rate
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Figure 6: Heat pump condenser at different nanofluid temperatures.
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Figure 7: Heat Pump Compressor Power Consumed at Different Nanofluid Concentrations
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Figure 8 Integrated thermal efficiency at PV thermal-heat Pipes system
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Figure 9 Comparison between nanofluids Ai0203 and CuO

The “CuO nanoparticles have higher intrinsic thermal
conductivity (~20 W/m-K) compared to Al.Os (~30 W/m-K
for alumina); thus, the thermal conductivity of CuO is higher
than Al:Os nanofluids at the same particle loading. Due to the
higher thermal conductivity, CuO nanofluids often show
better convective heat transfer coefficients, which is
beneficial in many applications such as Cooling systems,
Heat exchangers, and Solar collectors. CuO nanofluids can
often achieve similar or better thermal performance at lower
volume fractions, reducing viscosity penalties and potential
clogging issues”.

Notably, Figure 9 demonstrates that “CuO nanofluids are
often better than Al:Os nanofluids in terms of heat transfer
performance, particularly where maximizing thermal
conductivity is the main goal. This is reflected in the higher
integrated efficiency of the hybrid system under study.
However, Al-Os nanofluids might be more suitable for long-
term stable, less corrosive, and cost-sensitive applications”.
The designer of the “PV-T integrated heat pipe must ensure
that the PV solar panel characteristics and cell temperatures,
site solar radiation of the site, the ambient conditions, and the
refrigerant characteristics and thermodynamic properties are
taken into consideration in the decision-making.”
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Figure 10 Comparison between model and experimental data [9]

Model validation

The “Model’s prediction of the water temperature in the
thermal tank where the condenser section of the heat pipe is
placed and the experimental data reported” in reference [9],
as shown in Figure 10. confirms clearly that our “model
predicted fairly the dynamic data of the water temperature in
the thermal tank”. It can also be noticed that some
“discrepancies exist between the model’s prediction and the
data, which are attributed to the heat losses and the
calculation of the heat transfer coefficient in the thermal
tank”.

The “PV surface is heated up because of the direct exposure
to sunlight, however, the rear side of the photovoltaic thermal
system was cooled by the nanofluids. The impact of cooling
on the temperature reduction of the PV cells throughout the
experiment reported by reference [42] was compared to
predicted results, and plotted in Figure. 11. The cooling by

10

500

nanofluids helps increase heat exchange among the absorbing
plate with tubes, which represent (less hot than the rear side
of the PV module) and the rear of the PV module, which
represents the hottest side, enhancing the heat convection
between circulated nanofluids in the wall and conduction of
the tube with the absorbing plate, decreasing the PV cells
temperature and conseqyentlu enhances the PV solar
collector efficiency. The thermal properties, such as thermal
conductivity and HT, etc., of the nanomaterials dispersed in
the nanofluid have increased the heat convection between the
tube wall and CuO nanofluid. It led to a lower PV cell
temperature depending on the volume fractions of nanofluids.
It can also be seen that some “discrepancies exist between the
model’s prediction and the data, which are due to the heat
losses and the calculation of the heat transfer coefficient in
the PV thermal heat exchanger.”.

w—T (X 1

900

Solar Radiation (w/m2)

Figure 11 Comparison between model and experimental data [42]

CONCLUSIONS
A comparative study is presented here and applied to a
“hybrid system to enhance the thermal energy efficiency and

reduce carbon print, which is composed of photovoltaic-
thermal solar panels, heat pipe, and heat pump, is presented
hereby”. A “two-dimensional heat transfer and fluid flow
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dynamic model was developed and presented using N: Total number of cells connected in series
magnetized nanofluids CUO and AiO203 to describe the nTE number of Thermal Elements in a pipe
behavior of the different components. This comparative study P Power generated by PV module (W)
is presented under different parameters such as “solar Pa Atmospheric pressure of moist air (Pa)
irradiance, material properties, and boundary conditions for pw Partial pressure of water vapor in moist air
the solar PV panel, as well as the heat pipe filled with (Pa)
different refrigerants”. q Electronic charge (C)
The results presented hereby showed that the “higher the solar Qconvection Energy due to convection (W in Electrical
radiations the higher the evaporator temperatures and heat Process) (W/m? in Thermal Process)
pipe temperature and obviously the higher the thermal heat Qelect Electrical power generated (W)
transferred to the heat pipe evaporator section, and Qin Energy received due to Solar irradiation
consequently the higher the heat released from the heat pipe (W/m?)
condenser section in the thermal tank that drives the heat Qin_cen Energy incident on one PV cell due to solar
pump.” It was also observed that the “higher the nanofluid radiation (W/m?)
concentrations, the higher the thermal conversion efficiency, Qradiation Energy due to radiation (W/m? in Thermal
and the higher the solar radiation the higher the thermal heat Process)
released, power generated, and the integrated system Qrhermal Energy from thermal process (W)
efficiency”. Rq Fouling factor - or unit thermal resistance of
The “CuO nanoparticles have higher intrinsic thermal the deposit (M?K/W)
conductivity (~20 W/m-K) compared to Al.Os (~30 W/m-K Rs Diode series resistance per module ()
for alumina); thus, the thermal conductivity of CuO is higher Rsh Diode shunt resistance per module ()
than Al-Os nanofluids at the same particle loading, as well as S Total surface area of PV cells in a module
higher integrated hybrid efficiency”. (m?)
Finally, the present model, when compared well with  the Sp: Total area of the PV module (m?)
experimental data reported in the literature. T Operating temperature (k)
T Time (s)

Nomenclature Ta Ambient temperature (°C)
Area e PV cell area (m?) Tc PV Cell Temperature (°C)
Area pipe Pipe area (m?) Tab Dry bulb temperature (°C)
Areant Heat transfer area (m?) Ty Fluid temperature (°C)
Cp_water Thermal capacity of water (J/kgK) Tt in Fluid temperature at the inlet (°C)
D Internal Pipe diameter (m) Tthx Maximum temperature at the heat exchanger
Eqo Bandgap energy of semiconductor (1.1 eV) (°C)
G Total Solar radiation incident on the PV TtHx+1 Fluid temperature at thermal element 1 (dx)
module (W/m?) (°C)
H Convective heat transfer coefficient Tm Module Back-surface temperature (°C)
module (W/m?K) T Nominal temperature (298.15 K)
Nwater Heat transfer coefficient (W/m?2K) U Thermal conductance of clean heat exchanger
h Refrigerant enthalpy (W/m2K)
I Output current of the PV module (A) ud Thermal conductance of heat exchanger
lo Diode saturation current per module (A) after fouling (W/m2K)
Ioh Light generated current per module or \% Output voltage (V)
photocurrent (A) Voc Open circuit voltage (V)
Irs Module reverse saturation current (A) Vit Diode thermal voltage (V)
Isc Short circuit current (A) X Humidity ratio (KQwater/KQdry air)
k Boltzmann’s constant (1.3806503*1072%J/K) Olabs Overall absorption coefficient
Ki Short-circuit of a PV cell at SRC (mA/°C) NHybrid System efficiency
Kpy Thermal conductivity of PV cell (W/mK) nPvPV module efficiency
L Length of a PV cell (m) M Thermal Efficiency of thermal process
m Water flow (Kg/s) pw Density of water vapor (Kg/m?3)
MCp_module Thermal capacity of the PV module (9250 oQ Convection heat transfer rate
IK) _ Q Thermal heat (kj/s)
Np: Total number of cells connected in parallel ¢ o
Npipes Number of pipes Emissivity of PV cell

5316 ] S. Sami, ETJ Volume 10 Issue 05 May 2025



“A Comparative Study of Magnetized Nanofluids Cuo and AIO203 in an Integrated Solar Photovoltaic-Thermal, Heat
Pipe and Heat Pump Hybrid System”

ACKNOWLEDGEMENT

The research work presented in this paper was made possible
through the support of TransPacific Energy Inc. The author
would also like to thank the members of the research team at
TransPacific Energy Inc. for their great help in performing
the different computations.

REFERENCES

1.

10.

11.

12.

13.

DJ. Yang, Z.F. Yuan, P.H. Lee, and H.M. Yin,
(2012), Simulation and experimental validation of
heat transfer in a novel hybrid solar panel,
International Journal of Heat and Mass Transfer 55
(2012) 1076-1082.

Gang, P., Huide, F., Tao, Z., and Jie, J. (2011), A
Numerical and Experimental Study on a Heat Pipe
PVIT System, Solar Energy, 85, 911-921, 2011.
Dai, N, Li, S., Zhang, Z. (2017), Simulation of
Hybrid Photovoltaic Solar Assisted Loop Heat
Pipe/Heat Pump System, Appl. Sci, 7, 2-15, 2017.
Tripanagnostopoulos et al (2002) “Hybrid
photovoltaic/thermal solar systems.Sol Energy”, 72,
PP 217-34.

Bergene, O M Lovwvik, (1995), “Model calculations
on a flat-plate solar Heat-collector with integrated
solar cells”, Solar Energy, 55, PP 453-62.

H.G. Teo, P.S. Lee, and M.N.A. Hawlader, (2012),
An active cooling system for photovoltaic modules,
Applied Energy 90 (2012) 309-315.

Hashim, H, Bomphrey, J.J., Min, G. (2016),” Model
for Geometry Optimization of Thermoelectric
Devices in a Hybrid PV/TE System”, Renewable
Energy, 87, 458-463, 2016.

H.P. Garge, R.K.Agarwal, (1995), “Some aspects of
a PVIT collector/force Circulation flat-plate solar
water heater with solar cells”, Energy Convers
Manage, 36, PP 87-99.

Endalew, A. K. (2011),” Numerical modeling and
experimental validation of heat pipes solar collector
for water heating”, KTH Industrial Engineering and
Management, Sweden, Master thesis ED1-2011-
128MSC 2011.

Sandnes, J. Rekstad,(2002),” A photovoltaic/thermal
(PVIT) collector with a polymer absorber plate,
experimental study, and analytical model”, Sol
Energy 2002;72: PP 63-73.

Zhao, X. (2003), “Investigation of a novel heat pipe
collector/CHP system”. Nottingham University,
England, PhD 2003.

Liang, R., Zhang, J., and Zhou, C., (2015),
“Dynamic simulation of novel solar heating system
based on hybrid photovoltaic /thermal collectors
(PVT), Procedia Engineering, 121, 675-682, 2015.
Sami, S. and Marin, E. (2017), “Simulation of Solar
Photovoltaic, Biomass Gas Turbine and District

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Heating Hybrid System”, International Journal of
Sustainable Energy and Environmental Research,
IJSEER, Vol. 6, No. 1, p 9-26, 2017.

Sami, S. and Rivera, J. (2017), “A Predictive
Numerical Model for Analyzing Performance of
Solar Photovoltaic, Geothermal Hybrid System for
Electricity Generation and District Heating”,
Science Journal Energy Engineering, SJEE, Volume
5, Issue 1, p 13-30, 2017.

Sami, S. and Marin, E. (2017), "A Numerical Model
for Predicting Performance of Solar Photovoltaic,
Biomass and CHP Hybrid system for Electricity
Generation”, IJESRT, International Journal of
Engineering Sciences & Research Technology,
Volume 4, Issue 1, p 1- 22, 2017.

Good, C., Chen, J., Dai, Y. and Hestnes, A., (2015),
“Hybrid Photovoltaic-Thermal system: A Review.
Energie procedia, 70, 683-690, 2015,

Faragali, H., M., Fahmy, F.H. and Hassan, M.A.,
(2008), “A Simulation Model for Predicting the
Performance of PV/Wind- Powered Geothermal
Space Heating System in Egypt”, The Online
Journal on Electronics and Electrical Engineering
(OJEEE), Vol.2, No.4.

G. Pei, Fu, H. Zhang, and T. Jie (2011) “A numerical
and experimental study on a heat pipe PV/T
system”, Solar Energy 85(5):911-921, (2011)

S. Sami and Marin, E., (2018), “Dynamic modeling
and simulation of hybrid solar photovoltaic and
PEMFC fuel power system”, RA Journal of Applied
Research, V. 4, Issue 5, pp 1664-1683, 2018.

Tardy F., Sami S. M., (2009), Thermal analysis of
heat pipes during thermal storage. Applied Thermal
Engineering, 29: 329-333, 2009.

J. Duffie, et al., Solar Engineering of Thermal
Processes, Wiley, New York, 1991.

Coulson J. M., Richardson J. F., Marker J. H.,
Backhurst J.  R., (1999), Coulson &
Richardson's Chemical Engineering, Volume 1,
Sixth edition, Fluid Flow, Heat Transfer and Mass
Transfer,  Butterworth—-Heinemann  Publishing,
Oxford, UK
http://www.engineeringtoolbox.com/fouling-heat-
transfer-d_1661.html

Reay D.A., Kew P.A., (2006), Heat Pipes, 5th
Edition, Butterworth-Heinemann publisher, Oxford,
UK.

Tardy, F, and Sami, S.M. (2008), “An Experimental
Study Determining Behaviour of Heat Pipes in
Thermal Storage", International Journal of Ambient
Energy, Volume 29, Number 3, 2008.

A. Sweidan, N. Ghaddara, and K. Chali, (2016),
“Optimized design and operation of a heat-pipe
photovoltaic thermal system with phase change

5317 |

S. Sami, ETJ Volume 10 Issue 05 May 2025


http://www.engineeringtoolbox.com/fouling-heat-transfer-d_1661.html
http://www.engineeringtoolbox.com/fouling-heat-transfer-d_1661.html

“A Comparative Study of Magnetized Nanofluids Cuo and AIO203 in an Integrated Solar Photovoltaic-Thermal, Heat
Pipe and Heat Pump Hybrid System”

26.

217.

28.

29.

30.

31.

32.

33.

material for thermal storage”, Journal of Renewable
and Sustainable Energy 8, 023501 (2016);
https://doi.org/10.1063/1.4943091

Sami, S. and Campoverde, C., (2018), " Dynamic
Simulation and Modeling of a Novel Combined
Photovoltaic —Thermal Panel Hybrid System,
International Journal of Sustainable Energy and
Environmental Research, Vol. 7, No. 1, Pp 1-23,
2018

Zhao Xuxin, Fu Huide, Ji Jie, Sun Hongyuan, Ma
Rui and Wu Qixing, (2016), “Comparative study on
performances of a heat-pipe PV/T system and a
heat-pipe solar water heating system” International
Journal of Green Energy, Volume 13, 2016 - Issue 3
Naghavi, M.S., Silaakhori, M, and Mehrali, M.S.
(2015), “Analytical thermal modeling of a heat pipe
solar water heater system integrated with phase
change material”, Computer Applications in
Environmental Sciences and Renewable Energy,
ISBN: 978-960-474-370-4, pp. 197- 208, 2015.
Rajapakse, A., Chungpaibulpantana, S. (1994),
“Dynamic simulation of a photovoltaic refrigeration
system”. RERIC Vol. 16 (3), 67-101.
http://www.boulder.nist.gov/div838/theory/refprop/
LINKING/Linking.htm#ExcelApplications

Jens Glembin, Christoph Buittner, Jan Steinweg and
Gunter Rockendorf, (2015)“Thermal
Storage Tanks in High-Efficiency Heat Pump
Systems — Optimized Installation and Operation
Parameters”,9th International Renewable Energy
Storage Conference, IRES 2015, Energy Procedia
73 (2015) 331-340

S. Sami, (2025), “A Novel Concept of Solar
Photovoltaic-Thermal, Heat Pipe and Heat Pump
Hybrid System using AlO203 Nanofluid”, SSRG
International Journal of Thermal Engineering, in
press.

S. Sami and Z Ayub, (2024), "Analysis of Hybrid
Systems using Magnetized Nanofluids in a PV-
Thermal-Driven Organic Rankine Cycle with Heat
Pump," SSRG International Journal of Thermal
Engineering, vol. 10, no.2, pp. 1-11, 2024.
Crossref, https://doi.org/10.14445/23950250/1JTE-
V10I2P101

S. Sami, ( 2024) "Analysis of Solar Absorption
Chiller driven by CuO Nanofluid-based PV-
Thermal  Solar collectors (PVT)," SSRG
International Journal of Thermal Engineering, vol.
10, no. 1, pp. 1-10, 2024. Crossref,

34.

35.

36.

37.

38.

39.

40.

https://doi.org/10.14445/23950250/1JTE-
V1011P101, www.internationaljournalssrg.org

S. Sami, ( 2024) "Analysis of Solar Absorption
Chiller driven by CuO Nanofluid-based PV-
Thermal  Solar collectors (PVT)," SSRG
International Journal of Thermal Engineering, vol.
10, no. 1, pp. 1-10, 2024. Crossref,
https://doi.org/10.14445/23950250/1JTE-
V1011P101, www.internationaljournalssrg.org

S. Sami, (2023), Study of Behaviour of Solar
Thermal Storage with Magnetized Nanofluids,
Quantum Journal of Engineering, Science and
Technology (QJOEST), Vol. 4 No. 4 (2023), PP 43-
61: QJOEST,
https://www.gjoest.com/index.php/gjoest/article/vie
w/124

S. Sami, (2023), Comparison of Magnetized Silicon
Oxide and Aluminum Oxide Nanofluids in Solar
Desalination with Thermal Storage, International
Journal of Engineering and Science Invention
(IJESI), ISSN (Online): 2319-6734, ISSN (Print):
2319-6726, www.ijesi.org ||Volume 12 Issue 10
October 2023 || PP 82-100, DOI: 10.35629/6734-
121082100

S. Sami (2023), Review of Magnetized Nanofluids
in Solar-Based Desalination with Thermal Storage,
Progress Petrochem Sci. 5(4). PPS. 000618. 2023.,
DOI: 10.31031/PPS.2023.05.000618

S. Sami, (2023), Investigation of Low-Temperature
Desalination Process by Flashing, PV-Thermal,
Thermal Storage, and Magnetized Nanofluid,
SSRG, WNTE, Volume 9 Issue 1 2023 issue,
www.internationaljournalssrg.org

S. Sami, (2025), “A Novel Concept of Solar
Photovoltaic-Thermal, Heat Pipe and Heat Pump
Hybrid System using Ai0203 Nanofluid”," SSRG
International Journal of Thermal Engineering,
Volume 11, Issue 1 2025,  Crossref,
https://doi.org/10.14445/23950250/1JTE-
V1111P101, www.internationaljournalssrg.org
Mohammed Alktranee a b, Qudama Al-Yasiri c,
Mohammed Ahmed Shehab d e, Péter Bencs a,
Zoltan Németh f, Klara Hernadi g, “Experimental
and numerical study of a photovoltaic/thermal
system cooled by metal oxide nanofluids”
Alexandria Engineering Journal, Volume 94, May
2024, Pages 55-67, Alexandria Engineering Journal,
https://doi.org/10.1016/j.aej.2024.03.050

5318

S. Sami, ETJ Volume 10 Issue 05 May 2025


http://www.boulder.nist.gov/div838/theory/refprop/LINKING/Linking.htm#ExcelApplications
http://www.boulder.nist.gov/div838/theory/refprop/LINKING/Linking.htm#ExcelApplications
https://doi.org/10.14445/23950250/IJTE-V10I2P101
https://doi.org/10.14445/23950250/IJTE-V10I2P101
https://doi.org/10.14445/23950250/IJTE-V10I1P101
https://doi.org/10.14445/23950250/IJTE-V10I1P101
http://www.internationaljournalssrg.org/
https://doi.org/10.14445/23950250/IJTE-V10I1P101
https://doi.org/10.14445/23950250/IJTE-V10I1P101
http://www.internationaljournalssrg.org/

