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A numerical mathematical model has been developed to predict the performance of Nano fluids in
Photovoltaic-Thermalsolar collectors. The model is based upon energy conservation equations for

nanofluids flow and heat transfer mechanisms for different nanofluids. The thermal dynamic

behavior of the PV-Thermal solar collectors and heat transfer fluid has been studied numerically

and analyzed under different nanofluid particles concentrations and different conditions.
Corresponding Author:  Comparisons were made against literature data for validation purposes of the predictive model.
S. Sami The model fairly predicted nanofluids conditions and compared well existing data on the subject.
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1. INTRODUCTION

Today, most photovoltaic solar panels provide an energy
efficiency rating between 11 and 15 percent, which is the
percentage of solar energy that is being converted into
useable electricity. It may seem like a low percentage,
however, advancements in solar energy technologies are
continually being made, and modern PV panels can do more
than cover the energy requirements of most commercial and
residential needs. Today, researchers are continually trying
to improve the efficiency of photovoltaic technology.
Currently the most advanced and efficient solar cells are
being developed, however, they are not yet available to the
general public.

In order to improve the solar photovoltaic’s(PV) efficiency,
references [1-19] developed and implemented a novel
concept of combined photovoltaic-thermal solar panel
hybrid system where the PV cells of the solar PV panels are
cooled by water flows. The excess thermal energy is
generated and dissipated due to the intrinsic conversion
efficiency limitation of the cell. Consequently, the dissipated
and excess thermal energy increases the cell temperature and
in turn reduces the conversion efficiency of the cell. The
excess thermal energy absorbed by the cold-water flow
though the heat exchanger thermal panel underneath the
PV’s cells can be used for various domestic or industrial
applications. Therefore, the net result is an enhancement of
the combined photovoltaic-thermal efficiency of the hybrid
system and consequently the PV solar panel.

Research in nanofluid which is a fluid with suspensions of
nano-sized particles has been reported in the literature [20-
34]. Choi defined the term nanofluid and the suspensions
of nano-sized particles (1-100 nm) in a conventional fluid
base called nanofluid [25]. Computation of thermophysical
properties of nanofluids such as thermal conductivity,
viscosity, density and specific heat as well as thermal
diffusivity are essential to understand their heat transfer
behavior [20-22].

Nanofluids exhibit improved thermophysical and heat
transfer properties such as thermal conductivity, viscosity
and convective heat transfer coefficient. The property
improvement of nanofluids depends significantly on the
volumetric fraction or concentration of nanofluids
particles, shape and size of nanofluid materials[20-37].

Thermal solar water heating systems are compromised
mainly of thermal solar panels, a thermal storage tank and a
pump. In this particular study, the heat transfer fluid (HTF)
delivers the heat absorbed at the heat exchanger thermal
panel underneath the PV’s cells to the storage thermal tank.
Therefore, the solar energy is converted into electricity and
the excess heat is delivered to the thermal storage tank for
further thermal use.

References [20-27] have investigated the use of nanofluids
in solar collectors and its impact on the enhancement of
efficiency of flat solar collectors. However, Taylor et al.
[31] investigated theoretically and experimentally the
nanofluids in a laboratory large-scale dish receive rutilising
power tower solar collectors Enhancement of efficiency
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was observed compared to the base fluid [13-27]. On the
other hand, Khullar et al. [33] studied the enhancement of
solar irradiance absorption capacity of nanofluid-based
concentrating parabolic solar collectors, theoretically and
compared the results with experimental data from a
conventional concentrating parabolic solar collector. The
results of his study demonstrated 5-10 % a higher efficiency
compared to conventional models.

More recently Sami [20, 32] presented a study, on the
characteristics of heat transfer fluid with nano particles
AIl203, CuO, Fe304 and SiO2 circulating in thermal solar
panel and thermal tank During the course of the study,
Reference [20] modeled, presented, analyzed the
characteristics of the nanofluids fluid flow and compared the
model’s prediction to data published in the literature.

A mathematical model is presented hereby to describe the
heat and mass balances of the heat transfer fluid flow using
nanofluids to absorb the excess heat released from energy
conversion process in PV solar panels. The model has been
established after the energy and mass conservation equations
coupled with the heat transfer equationsof the heat transfer
fluid.In the following sections, the simulation results of a
PV-TH solar panel using the different nanofluids will be
presented and analyzed. In addition, the simulated results are
compared with available data on nanofluids. This
mathematical model, in particular,can be used topredict the
PV-TH solar panel behaviour under the effect of different
operating conditions such as solar radiation, working fluid
flow rates, initial working fluid temperatures and nanofluid
concentrations.

MATHEMATICAL MODEL

A schematic of the PV-thermal solar system under study is
depicted in Figure.l. The system consists of a PV solar
panel, thermal solar panel collector, thermal tank, and
piping, pump and as control valves. The thermal tank was
equipped with the single tube heat exchanger to supply the
heat for domestic or industrial use.The hybrid system in
question is composed of the PV solar panel and Thermal
solar tube collector and thermal tank as shown in Figure.l.
In the hybrid system, thin parallel tubes are welded on the
backside of photovoltaic solar panel for the circulation of
the cooling fluid. The various flow tubes are in contact with
the PV solar panel. The flow in each tube is divided into
different elements to permit the finite difference formulation
and analysis of the flow. The model is based on the
following assumptions; the Heat Transfer Fluid, HTF,
with nanofluids is homogeneous and isotropic, HTF is
incompressible and can be considered as a Newtonian fluid,
inlet velocity and inlet temperature of the HTF are constant,
thermophysical properties of the HTF and nanofluids are
constant. In the following, the conservation mass and energy
equations and heat transfer equations are written and
presented for each element of the HTF.

Solar PV MODEL

The solar photovoltaic panel is constructed of various
modules and each module is consisted of arrays and cells.
The dynamic current output can be obtained as follows [10-
15], [16], and [17, 20];

IR V+I,R
IP IL_IO exp q(V+ P S)_ + P"*S
AKT, R,

€
Ip: Output current of the PV module
IL : Light generated current per module
I, : Reverse saturation current per module
V : Terminal voltage per module
Rs : Diode series resistance per module
Rsn : Diode shunt resistance per module
g: Electric charge
k : The Boltzman constant
A : Diode ideality factor for the module

Where;

| =BT3% exp S 2)
° KT,
And;

I =RC[L-P,G-G )+R(T.-T)] @

The PV cell temperature, Tc, in equation (1) is influenced by
various factors such as solar radiation, ambient conditions,
and wind speed. It is well known that the cell temperature
impacts the PV output current, and performance, and its
time-variation can be determined from references [11-17].
The AC power of the inverter output P(t) is calculated using
the inverter efficiency n,,, , output voltage between phases,
neutral V,,and for single-phase current,/, and the power
factor,cos¢ as follows;

P(t) = \/§77ianfnloC05<P (4)

PV THERMAL MODEL

It is assumed in this model that all PV cells behave the
same; therefore, this model can be applied to the whole PV
solar panel. This model is an extension of the model
presented by Sami and Campoverde [11,12].

The heat absorbed by the PV solar cell can be calculated by
the following [11, 12, 17, 37];

Qin = aabsGSp (5)
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 [11,17, 20];
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me_de ule dL = Qin - Qconv - Qelect
dt (6)

Where;

Tc: PV Cell Temperature

MCp_module: Thermal capacity of the PV module

t: time

Qin: Energy received due to solar irradiation, equation (4)

Qconv: Energy loss due to Convection

Qelect: Electrical power generated

Interested readers in the detailed calculations of the terms;
Qin,Qconv, and Qelect in equation (6) are advised to consult
references [11,12] and [17] and [20].

Thermal energy incident in a PV cell

The thermal energy transferred from the PV cell to the Heat
Transfer Fluid (HTF) is determined from the heat balance
across the PV cell and HTF in terms of the heat transfer
mechanisms; conduction, convection and radiation as
follows [11];

Qconduction:Qconvection—Qradiation ()
The heat transfer by conduction is;
Ko, xAT (T, -T,,)

Qconduction = L
cell (8)

Tm: Module Back-surface temperatyre
Kpv: Tﬁerma con uctflv?ty o%’v celﬁ

Lcen: Length of a PV cell

The heat transfer by convection is determined from;

Qconvection = hwater x AT (Tm _Tf ) 9

Qconvection: ENergy due to convection
hwater: Heat transfer coefficient
Tr.Fluid temperature

And the heat transfer by radiation is;

Qradiation =&Xx O-(Tm4 _Tf 4) (10)

Qconvection: Energy due to radiation
& Emissivity PV cell
O : Stefan-Boltzmann constant

The finite difference formulation is used to determine the
heat transfer fluidflow rate and its temperatures at each
element where each heat transfer fluid tube is divided into
number of finite control volumes, and where thermophysical
and thermodynamic properties are assumed constant at each
element;

oQ
Ty =T jp+——=xt (11)

m C

water ~ p

rhw: Water mass flow (HTF)

Cyp: Specific heat of water.

t: time

dQ: the heat transfer per element
Tt in: Fluid temperature at inlet

The thermal energy transferred from the back of the PV cell
to the heat transfer fluid (HTF) is obtained by;

QThermaI =mX Cp_water X AT(Tfo+1 _Tf_ln)

Where;

Qhermal: Energy from thermal process

Tmix+1: Fluid temperature at thermal element (f+1)
Trin: Fluid temperature at thermal element (1)

(12)

The total energy transferred to heat transfer fluid is
calculated from the integration of equations (6) through (12)
written for each element, dx, along the length of each tube.

The back-temperature T of the PV cell and PV panel can be
calculated from the heat balance across the PV cell as
follows [11, 17, 37];

Qin =mC AT = mcp_rmdule(TC _Tm)

p_module

(13)
Where; Tris the module back-surface temperature.

It is assumed that the Tmis equal to the surface temperature
of the heat exchanger tubes welded to the solar PV
cell/panel in close contact to the back surface of each of the
PV cells.

The heat transferred from the back of the PV cell to the heat
transfer fluid (HTF)flowing in the heat exchanger tubes as
shown in Figure,1 is computed by the following forced heat
transfer convection relationship [16,17, 37];

Q, =DLh, AT =DLh, . (T, -T,)

water water

(14)

Where;

D:Pipe diameter

L:Pipe length

hwater: FOrced convection heat transfer coefficient
Tr.Fluid temperature

Where the heat transfer coefficient,hwaer, is approximated as
[11, 17, 20];

hw =2 b,Re" (15)

H
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Nanofluids

1 1

Thermal Tank

o)

Pump

Figure 1: PV/Thermal hybrid system with Nanofluids

Where Re; is the Reynolds Number and K, represents
thermal conductivity of water, b, and n are numerical
constants

Furthermore, to calculate the heat transfer fluid (HTF) flow
rate, circulating in the heat exchanger tubes, the following
equation is used coupled with equations (14) and (15);

Qin :mWCp_Water (Tf+l _Tf ) (16)

rhy represents the water mass flow rate and;
Tra: Water temperature at the element f+1
Tr. Water temperature at the element f

Cp: Specific heat of HTF.

The thermophysical, thermodynamic and heat transfer
properties such as viscosity, thermal conductivity, specific
heat, anddensity of nanofluids have been determined by
various investigators through experiments as reported in
Sharama et al. [31].Where equations have been developed
and reported for specific heat, thermal conductivity,
viscosity and density employing the law of mixtures and the
data has shown that those equations were valid when
compared with the experimental data.
: Heat Transfer Fluid HTF flow rate : Specific
heat of heat transfer fluid
: - Reynolds number Volume of water thermal tank
Once the nano particles are injected into the fluid base
(HTF), the thermophysical, thermodynamic and heat transfer

properties of the HTF with nano particles can be calculated
as a function of the volumetric concentration of the nano
particles flowing in the fluid flow as follows;

O total= O particles 1O base fluid (17)
Where o represents a particular thermophysical property of
the nanofluid under investigation.

Taking into consideration, the concentration of the nanofluid
particles, @, the following can be written to describe the
nanofluid thermal and thermophysical properties;

O total = O base fluid T O particles.(q)) (18)
Where; @ represents the nano particles concentration.
The following relationship was used to relate the thermal
conductivity to thermal diffusivity and density of the
nanofluids [7,20];

A=aéC, (19)
Where Cp is the specific heat, a is the thermal diffusivity, A
and p represent the thermal conductivity and density,

respectively.

The specific heat is calculated for nanofluids as follows
[31];
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c _ (1=-0)(pCp)pr+B(pCD)p
T (1-0)pp 00y

(20)

Where “nf” and “bf” refer to nanofluid and basic fluid,
respectively. @ is the nanofluid particle concentration. p
represents the density.

The density of nanofluids can be written as follows [31];
Pnf = Q)ppp + (1 - Q))pbf (21)

Other thermophysical properties of nanofluids such as
thermal conductivity, and thermal diffusivity can be
calcualted using equations (17) through (21). Interested
readers in the calculation of thermophysical properties of
nanofluids are advised to consult references [11, 20-31].

It is worthwhile mentioning that equations (7) through (16)
are coupled with equations (17) through (21) in order to
determine the characteristics of the heat transfer fluid HTF
using nanofluids.

The efficiency of the solar PV panelscan be expressed as
follows;

npv = M (22)

Qcolector

Where, Q.. is calcualted by equation (4) and,Qoector 1S
obtained by equation (5).

The thermal efficiency of thermal energy transferred to the
heat transfer fluid HTF is;

Noth = ——2& (23)

Qcolector

Where Q,,is calcualted by equation (16).

Finally, the hybrid system energy conversion efficiency for
harnessing energy from solar energy using of photovoltaic-
thermal solar panel and nanofluids can be formulated as;

— Qth +Qelec (24)

Qcolector

Nsn

Where, Q... is calcualted by equation (4).Q,, is calcualted
by equation (16).

NUMERICAL PROCEDURE

The model describing the energy conversion and heat
transfer mechanisms taking place during energy conversion
process heat in the PV-Thermal solar panels new concept
with nanofluids has been presented in equations (1) through
(24). The aforementioned equations have been solved as per
the logical flow diagram shown in Figure.2, where the input
independent and dependent parameters are defined for the
PV-Thermalsolar panel, thermal tubes, nano particles;

Al203, CuO, Fe304 and SiO2 and heat transfer fluid. These
equations were integrated in the finite-difference
formulations. Iterations were performed until a solution is
reached with acceptable iteration error. The numerical
procedure starts with the use of the solar radiation to
calculate the mass flow water circulating in the thin parallel
tubes that are welded to the backside of photovoltaic PV
solar panel. This follows by predicting the base fluid and
nanofluids and their thermophysical properties as well as the
heat transfer characteristics at different concentrations of
nano particles, circulating in the PV-Thermal solar panel
heat tubes/ exchanger using the finite difference
formulation. Finally, the individual and hybrid system
efficiencies were calcualted.

EMTER PROFPERTIES: HEAT TRAMSFER, PV
SOLAR PAMEL FLUID LOOP, AMND
THERMAL SOLAR PAME L DATA,

MAMNOFLUIDS

SZOLVE ENERGY
KASS EQUATIONS
WITH MANOFLUIDE

BESULTS:
PV PAMEL, HEAT
CHARACTERISTICS
AMND EFFICIENCIES.

Figure. 2 Logical flow diagram for finite difference scheme.

DISCUSION AND ANALYSIS:

The aforementioned system of equations (1) through (24)
have been coded in finite-difference forms, integrated and
numerically solved as per the logical diagram in Figure.2.
Samples of the predicted results for the PV-Thermal solar
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panel, thermal heat dissipated by the PV solar panel and
absorbed by heat transfer fluid HTF using various nano
particles; Al203, CuO, Fe304 and CiO2as well as
comparison between the different nanofluids are presented
at different inlet conditions hereby. In the following
sections, we also present the analysis and discussions of the
numerical results predicted as well as the validations of the
proposed simulation model. The simulations were
performed for temperature difference across the thermal
tubes welded to the back of the PV solar panel of 5, 10, 15,
20 and 25 °C. However, only the results of the temperature
difference of 15 °C across the thermal tube will be presented
and analyzed hereby. It is worthwhile noting that the
numerical simulation presented was performed 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?.

The PV solar panel characteristics under consideration in
this study are obtained from Faragali et al. [17]. The
characteristic curves of the PV solar panel are also obtained
from in the manufacturer’s specification sheet [17]. The PV
panel parameters used in this study are; Total surface area of
the PV module (SP) is 0.617 m2, Total surface area of cells
in module (Sc) is 0.5625 m2, module efficiency 12% at
reference temperature (298 K), overall absorption
coefficient is 0.73, and Temperature coefficient is 0.0045 K-
1. Interested readers in the full disclosure of the range values
of the other parameters are advised to consult Faragali et al.
[17].

It is also assumed in this simulation that the whole panel is
covered in PV cells, with no packing material is used to fill
in gaps between the cells on a panel. The PV cells are
commercial grade monocrystalline silicon cells with
electrical efficiency of 12%, and have a thermal coefficient,
of 0.54% [1/K] [17]. The thermal coefficient represents the

900

400

Solar Radiation (W/m?

300

200

100

0

degradation of PV cell output per degree of temperature
increase. The cooling thermal tubes/heat exchanger pipes are
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 transfer fluid (HTF)
with nanofluids flowing in the thermal tubes.

In order to solve equations (1) through (24), the thermal and
thermophysical properties of the nano particles Al203,
CuO, Fe304 and SiO2 were obtained from references;[20],
[26], [29] and references[31, 35]. In particular, Allen [26]
studied the magnetic field enhancement of  thermal
conductivity of magnetic nanofluids and calculated the
thermal conductivity from the measured temperature
difference for each nanofluids such as Al203, CuO, Fe304
and SI02 at different magnetic fields. His data at zero
magnetic fieldamong the other aforementioned references
were considered for this study.

In general, it is quite clear from figures (3) through (18)
constructed under solar radiation for the different nanofluids
that the thermal heat dissipated by the PV solar panel and
absorbed the heat transfer fluid and PV-Thermal solar panel
efficiencies are significantly  influenced by the
concentrations of the injected nano particles, the nanofluid
flow rates and the type of material of the nano particles as
well as the thermophysical properties of each particular
nanofluids under investigation.

In the following sections, we present the simulations and
analysis of the predicted resultsof thermal heat dissipated by
the PV solar panel and PV-Thermal solar panel efficiencies
under nanofluid flows from 0,00697 kg/s to 0.0345 Kkg/s,
nano particles volumetric concentrations from 0.01 to 0.5
and under solar radiations from 550 W/m?to 1200 W/m?2, It
should also be noted that the design of the thermal tubes
welded to the back of the PV solar panel was based upon
mass flow rate of 0.00697 kg/s at550 W/m? solar radiation.

12:00:00 ANP:24:00 AM4:48:00 AM7:12:00 AM9:36:00 AMIL2:00:00 PNVR2:24:00 PM 4:48:00 PM 7:12:00 PM 9:36:00 PNVIL2:00:00 AM

—e— january_18

february_18 —e@—march_18

time (h)

april_18 may_18 —@— june_18

Figure.3 Time variation of solar intensity W/m?, 2018.
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Figures 3 presents a typical solar isolation profiles at the site
for various months of the year 2018 at different hours of the
day. It is quite apparent that the peak solar irradiation and
maximum temperatures occur at midday. However, average
solar irradiations were used in the modeling and simulation
of the Photovoltaic panels. The recording of the ambient

80

conditions such as temperature, relative humidity and wind
speed during the same period showed that the relative
humidity is stable during the various hours of the day.
Therefore, in the simulation of the PV-thermal solar panel,
the relative humilities were assumed constant.

70

60

50

Cell temperature 40

(°C) 30

——500 W/m2
——750 W/m2

20
10

1000 W/m2

0 T T T T T

1200 W/m2

Time (sec)

900
1000
1200

Figure.4 PV Cell temperature at different solar radiations and temperature difference 15 °C [11]

80

70

60

Back surface 0
temperature 40

(°C) 30

—— 500 W/m?2
~—750 W/m2

20

10

1000 W/m2

0 T T T T T T

1200 W/m2

5 O O S PSP ES
RO A O I I SR

Time (sec)

Figure.5 Back PV Cell temperature at different solar radiations and heat exchanger temperature difference 15 °C [11].

60
50
Fluid
temperature 30 ——500 W/m2
Oc +
O 750 W/m2
1000 W/m2
10
1200 W/m2
0 T T T T T T T T T T 1
S QO N0 0O O O O O O O O
A N R R R DI
Time (sec)

Figure.6 Fluid temperature exiting the thermal pipes at heat exchanger temperature difference 15 °C [11].
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The dynamic behavior of the important and critical key
temperatures in PV solar panel analysis; PV cell, PV back
and fluid temperatures have been presented in Figures 4
through 6, at different solar radiations with water used as the
base heat transfer fluid in the thin parallel thermal tubes
welded on the backside of photovoltaic solar panel.
Furthermore, equations (6) through (16), show clearly that
an increase in the PV cell temperature will result in an
increase in the back-cell temperature and consequently the
fluid temperature due to the heat transfer from solar energy
by conduction and convection as well as radiation,
respectively. Consequently, this increases the thermal heat
absorbed by the heat transfer fluid. In additions, the
aforementioned figures also show that the higher the solar
radiation the higher the PV cell temperature, the PV back
temperature and the heat transfer fluid temperature. It can
also be noted that the PV solar panel cell temperature

reaches its maximum design temperature after 1200 seconds
depending upon the solar radiation [11].

The figures 4 through 6 clearly support the aforementioned
statement that the higher the PV cell temperature the higher
the back cell and the higher fluid temperatures as well as the
thermal energy transferred to the heat transfer fluid [11]. It
is quite evident from the results presented in these figures
that the cell temperatures increase with the increase of solar
radiation. This can be interpreted as per equations (5) and
(6), where the higher the solar radiations the higher the
energy absorbed by the PV cell and consequently the higher
the temperature of the PV cell until reaches the design
temperature. This has been reported and discussed in the
literature where similar observations were presented in
references [11] through [17].

51.5
51

TC, TM, TF VS. NANOFLUID
TC AT 1000 SEC

Tc°C =—=Tm°C ——=Tf°C

50.5

50

48
47.5
47

() 491;: /
48.5

Water NF 1% NF 5% NF 10% NF 20% NF 30% NF 50%

NANOFLUID (DIFFERENT CONCENTRATIONS WEIGHT %)

Figure 7. Temperatures at different concentrations of Nanofluid Al203and 750 w/m?

TF VS. NANOFLUID
AT DIFFERENT TC
——100 sec 500 sec 4 1000 sec
55
50 TS IS TS TS TS TS TS
45
40
35
.30
(°C) 5 — - - - S —
20
15
10
5
0
WATER NF 1% NF 5% NF 10% NF 20% NF 30% NF 50%
NANOFLUID (DIFFERENT CONCENTRATIONS WEIGHT %)

Figure 8. Temperatures Tsat different concentrations of Nanofluid Al203at 750 w/m?
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—&— Water - 750 W/m? - Al203 == NF 1% - 750 W/m? - Al203
=== NF 5% - 750 W/m? - Al203 NF 10% - 750 W/m? - Al203

NF 20% - 750 W/m? - Al203 === NF 30% - 750 W/m? - Al203
—+—NF 50% - 750 W/m? - AI203
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ENERGY
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40.00 ; .
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Figure 9. Qthat different Tc and concentrations of Nanofluid AI203 at 750 w/m?
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NF 20% - 750 W/m? - Al203 ==>¢= NF 30% - 750 W/m? - Al203
== NF 50% - 750 W/m? - AI203
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EFFICIENCY
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Figure 10. Efficiency of Qth at different Time and concentrations of Nanofluid AI1203 at 750 w/m?
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Figure 11.Hybrid system efficiency at different Time and concentrations of Nanofluid AiO2 at 750 w/m?
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The dynamic characteristics of the nanofluid Al203 under enhancement of the key critical parameters of the PV-
different concentrations, and solar radiation 750 w/m2have Thermal hybrid system in question; thermal energy
been presented in Figures 7 through 11. The thermal energy dissipated from the PV panel, thermal and hybrid
is calculated by equation (12) and the thermal and hybrid efficiencies over that of the water flow as base fluid.

efficiencies are calculated by equations (23) and (24),
respectively. Inaddition, the PV efficiency is calculated
using equation (22).In particular, Figure .12 shows the time-
variations of the PV solar panel efficiency at solar radiation
750 w/m?and various nanofluid concentrations of AlO2. It is
quite evident from data displayed in this figure and
aforementioned figures that the existence of nanofluids in
the heat transfer fluid significantly contributed to the

As expected, Figure. 7 clearly shows that the higher the
nanofluid concentration the higher the heat transfer fluid
temperature. However, it can be noticed that the PV cell
temperature and PV panel back temperature are
uninfluenced by the concentration of the nanofluids. These
two temperatures are only significantly impacted by the
solar radiations.

NPV VS. T

—@— Water - 750 W/m? - Al203 == NF 1% - 750 W/m? - Al203
NF 5% - 750 W/m? - Al203 NF 10% - 750 W/m? - Al203
NF 20% - 750 W/m? - Al203 === NF 30% - 750 W/m? - Al203
== NF 50% - 750 W/m? - Al203
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Figure 12. Solar PV panel efficiency at different Time and concentrations of Nanofluid Al102 at 750 w/m?
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Figure 13. Solar PV panel thermal energy at different concentrations of Nanofluid AIO2 at 750 w/m?

On the other hand, the numerical results presented in Figure solar PV efficiency is quasi-constant and does not
.12 show that the solar PV panel efficiency at different time experience significant variations with time. As expected, the
and concentrations of Nanofluid AIO2 at 750 w/m?. It can PV solar panel efficiency is independent of the

be noticed from the data presented in this figure that the
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concentration of the nanofluids and depends only on the

solar PV panel characteristics and solar radiations at the site.
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NF 10% NF 20% NF 30% NF 50%

Figure 14. Thermal Solar PV panel efficiency at different concentrations of Nanofluid A10203 at 750 w/m?.

The impact of the nanofluid A10203 concentrations on the
thermal heat transferred from the back of the PV solar panel
to the heat transfer fluid is demonstrated in Figures. 9 and
13. Where the simulated results clearly show that the higher
the nanofluid’s concentration the higher the thermal heat
transferred over the one transferred to the water as base
fluid. This figure also demonstrates the benefits of using
nanofluids in enhancing the thermal heat recovered from the
PV solar panels.The enhancement of the critical parameters

of the PV-Thermal hybrid system with other nanofluids
other than A10203 will be discussed elsewhere in the paper.

The thermal and hybrid system efficiencies are presented in
Figures 14 and 15, respectively. It is evident from the results
presented in these figures that the higher the nanofluid’s
concentration the higher the thermal PV efficiency and the
hybrid system efficiency over that of the water as base heat
transfer fluid.

70.00%
60.00%
50.00%
_ 40.00%

30.00%

HYBRID SYSTEM
%

20.00%

10.00%

0.00%

1 HYBRID SYSTEM VS. NANOFLUID
TC AT 1000 SEC

—— 750 W/m? - Al203

WATER NF 1% NF 5% NF 10% NF 20% NF 30% NF 50%
NANOFLUID (DIFFERENT CONCENTRATIONS WEIGHT %)

Figure 15. Solar PV panel efficiency at different concentrations of Nanofluid A10203 at 750 w/m?
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Figure 16. Solar PV panel thermal energy at different nanofluids at 750 w/m?
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Figure 17. Solar PV panel thermal efficiency at different Nanofluids at 750 w/m?
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Figure 18. Solar PV panel hybrid efficiency at different concentrations of Nanofluids at 750 w/m?
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Figures 16 through 18 display the impact of using different
nanofluids suspended particles of the Al0203, CuO, Fe304
and SIO2 with concentration that varies between 0.01 to
0.50at solar radiation of 750 w/m? with PV solar cell
temperature calcualted at 1000 seconds, on the solar PV
thermal energy released, thermal efficiency and hybrid
system efficiency, respectively. It is quite clear from the
numerical values presented in these figures that the thermal
heat released by the PV solar panel to the nanofluid flow
increases as the concentration of the nanofluid particles
increases over the water as basic heat transfer fluid. In our
opinion, this is attributed to the fact that higher nano particle

concentrations increase the thermal, thermophysical and
heat transfer properties of the heat transfer fluid such as
specific heat, density, thermal conductivity and viscosity as
well as the convection heat transfer coefficient. That
increase stimulates and drives more heat transfer energy
released from the PV solar panel into the heat transfer fluid
circulating in the heat tubes welded to the back of the PV
solar panel. It is also worthwhile noting that the PV solar
panel output power and PV solar panel efficiency remain
constant and is fully independent of the nanofluids
concentrations.

700
600
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o /
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/
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NANOFLUID (DIFFERENT CONCENTRATIONS WEIGHT %)

Figure 19. Solar PV panel thermal heat released at different solar radiations and concentrations of Nanofluid Fe304.

On the other hand, Figure 19, demonstrates clearly the
impact of the solar radiation on the thermal heat released
from the PV solar panel into the heat transfer fluid with PV
cell temperature calculated after at 1000 seconds using
nanofluid Fe304. The results displayed in this figure clearly

show that the higher the solar radiation the higher the
thermal heat released from the PV solar panel to the heat
transfer fluid. It is also obvious from this figure that the
higher the nanofluid concentration the higher the thermal
heat released over the water as basic working fluid.
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Figure 20. Solar PV panel thermal efficiency at different solar radiations and concentrations of Nanofluid Fe304
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Furthermore, the heat released by the PV solar panel and
absorbed by the heat transfer fluid as well as the thermal and
hybrid efficiencies of the PV-Thermal solar panel, are
displayed in Figures 20, through Figure 24 for solar
radiation of 750 w/m2. These values are calculated by
equations (12) and (22) through (23), respectively, with
suspended particles of the AlO2, CuO, Fe304 and SIO2 at
concentrations vary between 0.01 to 0.50. It is quite evident
from the numerical results shown in particularly Figure 22

that the thermal heat released by the PV solar panel were
significantly higher with the use of nanofluid Fe304 and
they increase as the concentration of the nanofluid particles
increases over the water as basic heat transfer flow. It is also
believed that this is attributed to the higher thermophysical
and thermodynamic as well as heat transfer properties of
nanofluid Fe304 compared to the other nanofluids under
investigation.
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Figure 21. Solar PV panel hybrid system efficiency at different solar radiations and concentrations of Nanofluids.
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Figure 22. Solar PV thermal heat released panel thermal at different concentrations of Nanofluids
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Figure 23. Solar PV thermal efficiency at different concentrations of Nanofluids
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Figure 24. Solar PV hybrid efficiency at different concentrations of Nanofluids

On the other hand, the numerical results displayed in Figures
23 and 24, gave also evidence that the thermal and hybrid
efficiencies at 750 w/m?solar radiations were enhanced by
the use of nanofluid Fe304 over the basic fluid, water. As
previously indicated, this is also attributed to the fact that
higher nano particle Fe304 concentrations increase the
thermodynamic, thermophysical properties and heat transfer

properties of the HTF and that in turn stimulates and drives
the heat transfer from the solar radiation into the fluid
transfer fluid circulating in the heat tubes welded to the back
of the PV solar panel. Furthermore, it can also be pointed
out that at the low concentration of 1% there is no noticeable
difference between the nano particles of the Al203, Fe304,
Cu0, and SiO2 on the impact on the thermal heat absorbed
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by the heat transfer fluid. However, at nano particle
concentrations higher than 10%,it is quite evident that Fe304
and other naofluids have the greatest impact on the amount
of thermal heat absorbed and efficiencies. This trend as
shown in the aforementioned figures continued under higher
nano fluid concentration.

Furthermore, the study reported by Maiga et al., [37] on
fully developed turbulent flow of AlI203- water nanofluid
flow in circular tube at uniform heat flux clearly confirms
our findings that the inclusion of nano particles into the base
fluids has produced a considerable augmentation of the heat
transfer coefficient, thermal heat transferred and that clearly
increases with an increase of the particle concentration as
per Figures 22 through 24. Where adding nanofluids
enhanced the thermal energy transferred to the heat transfer
fluid as well as thermal and hybrid efficiencies over that of
the water as base fluid. This is also in agreement with what
has been reported in the literature namely; inreferences [31]
through [34].

The dynamic profile of the evolution at different time steps
of the mass flow rate with the water as the base fluid and
other nanofluids is presented in Figure .25. The data in this
figure was depicted at 500 w/m?solar radiation for PV solar
panel at different concentrations of Nanofluid Fe304. It is
evident from the results presented in this figure that the mass
flow rate circulating in the heat tubes welded to the back of
the PV solar panels stabilizes after 1000 seconds. Similar

results were observed for the other nanofluids under
investigation. On the other hand, results displayed in Figure
.26 clearly illustrate that the thermal heat dissipated from the
PV solar panel and absorbed by the heat transfer fluid with
nanofluid Fe304 increases with the increase of the mass
flow rate at different concentrations of the nanofluid,
Fe304.Again, similar observations were observed with the
other nanofluids under investigation.

Ones of the most frequent nanofluids studied in the literature
are the Fe304 and Al203. The dynamic behavior at different
time steps of the thermal heat released by the PV solar
panels against the mass flow rate for these two nanofluids is
depicted in Figure.27 and 28, respectively for 500 W/m? and
50% nanofluids concentration. As can be seen from the
results displayed in Figures.27, and 28 that at this particular
concentration of nanofluid Fe304 or Al203, the higher the
mass flow rate of the heat transfer fluid the higher the
thermal energy dissipated and absorbed by the heat transfer
fluid. Consequently, the thermal efficiency and hybrid
efficiency have the highest values at the higher heat transfer
fluid flow. Therefore, it is quite significant and critical for
the PV-Thermal solar panel collector concept presented in
this research work to be designed at the optimum heat
transfer flow as well as the optimum solar radiation in order
to ensure higher thermal heat transferred and also the higher
thermal and the hybrid efficiencies, respectively.
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Figure 25. Solar PV mass flow rate at different concentrations of Nanofluid Fe304
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Figure 27. Solar PV mass flow rate versus thermal energy released at 50% concentration of Fe304Nanofluid
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Figure 28. Solar PV mass flow rate versus thermal energy released at 50% concentration of AI203 Nanofluid

Model validation

This section is intended to validate the prediction of the
numerical model describing the PV-Thermal novel hybrid
system using nanofluid sunder investigation and presented
in equations (1) through (29). Since the model in question is
based and an extension of the PV solar panel model and no
data was available in the literature on the new proposed
concept presented hereby, it was decided to use only data
available in the literature on the solar PV panel and related
characteristics for comparison. In the following sections, we
discuss the model validation and present the different
comparisons. In additions, it was felt that the validation of
the PV solar model should give immense confidence in the
results presented hereby. Therefore, we have constructed
Figures 29and 30 to compare the proposed model prediction
of the PV solar panel characteristics and the data presented
in the literature on the solar PV namely, references [9, 17,
and 30].

In particular, as shown in Figure 29, it is quite apparent from
the comparison presented in this figure that the model
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prediction fairly compares with the data of the dynamic PV
cell temperature presented by Faragali et al. [17]. The
comparison presented in this figure also showed that the
model and data have the same trend, however, some
discrepancies exit. It is believed that the discrepancies are
due to the fact that the various parameters used in equations
(6) through (9) were not reported by Faragali et al. [17] and
therefore, Rajapakse et al. [30] had to be consulted for those
parameters. However, same observations were reported in
references [8, 12, and 17], therefore, we feel that our model
fairly predicted the PV cell dynamic profile.

In addition, Figure 30 compares between the model
prediction of the power generated by the PV solar panel and
the experimental data of references [17] and [30], where the
PV solar power and amperage are displayed. It is evident
form this figure that our model prediction compares well
with experimental data available in the literature [17 and
30].

——Present Model

(8] 266 3458 7182 9842 14098 18088
Tiime (Sec)

Figure 29. Comparison between model prediction and experimental data [17, 20, 33]
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Figure 30. Comparison between model and experimental data [17, 30]

CONCLUSIONS

During the course of this study, the characteristics of heat
transfer fluid with nano particles Al203, CuO, Fe304 and
SIO2 circulating in PV-Thermal solar panel thermal
tubes/heat exchanger welded to the back of the PV solar
panel have been modeled, presented, analyzed and
compared to data published in the literature. The numerical
model presented hereby was established after the mass and
energy conservation equations coupled with the heat transfer
equations of the heat transfer fluid (HTF) using nano
particles; Al203, CuO, Fe304 and SIO2 with concentration
vary from 1 through 50 %.Thermodynamic, thermophysical
and heart transfer properties of the nanofluids were obtained
from the available data in the literature. The numerical
resulted presented hereby showed that the higher the nano
particles concentration the higher the thermal heat absorbed
and released by the PV solar panel to the heat transfer fluid
(HTF). In addition, results also showed that a higher
nanofluid mass flow rate increases the thermal heat released
by the PV solar panel. Furthermore, it was also shown that
increasing the nano particles concentration enhanced the
heat transfer properties and consequently increased the heat
transferred and thermal heat absorbed by the heat transfer
fluid, this in turn enhances the thermal efficiency of the PV-
Thermal solar panel and the hybrid efficiency of the solar
panel. In addition, numerical results also showed that the
nanofluid Fe304 has the highest thermal heat transfer to
HTF and the highest thermal and hybrid efficiencies.

Finally, the simulated results of our numerical model
presented hereby fairly predicted the PV solar panel
characteristics and compared well with other data reported
in the literature.

NOMENCLATURE

Avranel, Area of solar panel (m”2)

Ay, Flow area (m”2)

Cpw, Specific heat of water (kJ/(kg K))

Du, Hydraulic diameter (m)

G, Radiation (W/m”2)

h, Heat transfer coefficient

Kw, Thermal conductivity of water (kJ/(ms°C))
I, Tube length (m)

mw, Water mass flow rate (kg/s)

N: number finite different element (N: 1-12)
Qub, Heat (kJ)

R, Tube radius (m)

Twaterj _m ), Temperature of HTF at “m” element (°C)

Greek
pw, Density of water flow (kg/m”3)
u, Water viscosity (m”2/s)

Subscripts

Qth Thermal heat
pv PV solar panel
nf Nanofluid

sh Hybrid system
w HTF

Tub Tube

w Water
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