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Abstract

Concentrator photovoltaic thermal system is one of the heat and power generation systems that have received special atten-
tion in recent decades. In this paper, concentrator photovoltaic thermal cell with the effect of Al,O; nanofluid flow in porous
channel has been investigated under transient heat flux. The system is analyzed from energy and exergy viewpoint, and also
the first and second laws of thermodynamics efficiencies are calculated. The governing equations are continuity, Brinkman
momentum and energy conservation equations considering the transient solar flux using parabolic dish concentrator over
a day in Mashhad city. The numerical modeling is based on the finite element method. The numerical results show that the
Nusselt number, normalized temperature and electrical efficiency of the presented model have an acceptable agreement
with experimental data. Efficiency of the photovoltaic cell increases with increasing the Reynolds number as the difference
between the highest and the lowest efficiency value is 5% at 12 p.m. In addition, with increasing Reynolds number, the first
law of thermodynamics efficiency increases due to porosity and permeability effects of the porous channel cooling. The
maximum difference between highest and the lowest value for first law efficiency is 49.4% at Re=110. The second law of
thermodynamics efficiency decrease as Reynolds number increases as the highest value is 4.2% and the lowest is 2.8% at
Re =20 and Re =10, respectively.

Keywords Concentrator photovoltaic thermal - Porous channel - Transient solar heat flux - Photovoltaic cell efficiency
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Introduction

The increasing demand for energy, lack of fossil fuels and
their limitations due to the environmental issues caused
by pollutants led to the development of renewable ener-
gies [1] and energy saving methods [2]. One of the most
important and extensive sources of renewable energy is the
solar energy [3] which is more accessible than any other
renewable energy source [4]. Due to its potentials, different
methods suggested to capture the solar energy mainly in
the form of heat and electricity. Concentrator photovoltaic
thermal (CPVT) is the most widely used equipment in this
field capable of supplying both thermal and electrical energy
[5]. The efficiency improvement of these collectors can lead
to application development of them in such systems.
Various studies have been performed on CPVT numeri-
cally [6] and experimentally [7]. One of effective parameters
on efficiency of CPVT systems is type of concentrator [§]
or photovoltaic cell [9]. In this regard, Shadmehri et al. [10]
worked on three-dimensional computational modeling of a
new CPVT combined with thermoelectric system and tri-
angular absorber. Finally, they proposed a range for reflec-
tor’s aperture widths and absorber’s apex angles for opti-
mum thermal and electrical performances. Alizadeh et al.
[11] simulated a PV cooling by means of the single turn
pulsating heat pipe numerically and showed that using a
copper fin reduces the temperature of PV panel just 4.9 K.
In addition, the pulsating heat pipes cooling increased the
power generation up to 18% for 1000 W m~? solar irradia-
tion. Kandilli studied a composite solar photovoltaic hybrid
system based on the spectrometric decomposition approach
for the introduction, modeling, testing [12] and evaluation
of systems [13]. The final results showed that the second
law (exergy) efficiency of the concentrator, vacuum tube and
overall CPVCS are 12.06%, 2.0% and 1.16%, respectively.
Sanaye and Sarrafi [14] conducted exergy and economic
analysis over a CCHP solar generation system coupled with
conventional photovoltaic, CPVT and evacuated tube (ET)
collectors. They found that the maximum exergy efficiency
of 29% can be obtained using this model. Ferchichi et al.
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[15] developed a numerical model to predict accurately the
phase change and the heat transfer in the direct steam gener-
ation parabolic using collector system. They reported that an
increase in the inlet mass flow rate up to 0.43 kg s~! leads to
improving the global thermal efficiency of the collectors by
0.34%. The equations of parabolic dish concentrator (PDC)
including various solar collectors and receivers equations
can be found in the literature [16].

There are several ways to increase the thermal efficiency
of CPVT. One of these ways is to use the nanofluid [17]
as a working fluid instead of the conventional fluids [18].
In this regard, Xu and Kleinstreuer [19] designed CPVT
systems that can provide both electrical and thermal ener-
gies while reducing solar cell material usage via optical
techniques. According to their results, the best performance
was achieved using a channel with the height of 10 mm and
inlet Reynolds number of around 30,000, yielding a modest
system efficiency of 20%. Fayaz et al. [20] accomplished a
three-dimensional numerical analysis on photovoltaic ther-
mal (PVT) systems using water and multi-walled carbon
nanotube-water nanofluid and validated it experimentally.
They obtained an overall efficiency improvement of 6.26%
numerically and 5.73% experimentally. Eric et al. [21]
studied an innovative thermal performance evaluation of
a parabolic trough collector operating with green-synthe-
sized nanofluids: water/BH-SiO, and water/OLE-TiO,. They
developed the model of the parabolic trough collector (PTC)
and the results showed that a 0.073% mean enhancement in
the thermal efficiency is observed with the use of water/BH-
Si0, nanofluids and 0.077% mean enhancement is achieved
with the use of water/OLE-TiO, nanofluids. An et al. [22]
developed and experimentally validated a model to pre-
dict the performance of high-temperature nanofluid-based
spectral splitting PVT systems for a wide range of optical
properties, flow rates and solar concentration ratios. Mousa
et al. [23] conducted a systematic comparison solar system
for industrial applications based on their cost, performance
and environmental impact globally. Fanaee and Rezapour
[24] analyzed thermal-fluid modeling of non-porous/porous
thermal coil filled by alumina nanofluid considering con-
stant/variable solar heat fluxes. Radwan et al. [25] used
Al,O;-water and SiC-water nanofluids with different volu-
metric ratios for a new cooling technique in low concen-
trated photovoltaic—thermal (LCPV/T) systems. Alobaida
et al. [26] investigated to evaluate the recent advances in
the field of solar absorption cooling systems from solar col-
lector types. A review in the area of photovoltaic thermal
(PVT) absorption cooling systems is provided in their work.
Ragab et al. [27] worked experimentally on utilization of
the nanofluid as a working agent for PVT. The best sys-
tem efficiencies were obtained at 0.075% V of multi-walls
carbon nanotubes—water-based nanofluid. Hader and Kouz
[28] evaluated the innovative hybrid solar panels combining
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photovoltaic cells along with an efficient heat exchanger with
the fins attached to the parallel plates using water-Al,0O;
nanofluid as the working fluid. Their results showed that
when the Reynolds number, the length of the fin and the vol-
ume fraction of the nanosolid particles increase, the overall
efficiency increases.

The structure of the porous media can also be effec-
tive in increasing the thermal efficiency. Many researches
have been done to investigate the flow of fluids or nanoflu-
ids in porous media. One of the most important outcomes
of such researches is the increase in Nusselt number and
consequently the increase in heat transfer [29-38]. Furman
et al. [31] proposed a simple foam structure model based
on the interaction between sodium chloride solid particles
poorly wetted by melted aluminum, which leads to the for-
mation of air pockets (or “air collars”), for the permeability
of porous material. Dukhan and Chen [34] analyzed flow
and heat transfer of air into aluminum metal foams under
constant heat flux experimentally and numerically and
described the dimensionless temperature profiles. Anoop
et al. [35] investigated experimentally heat transfer char-
acteristics in the tube with constant heat flux with Al,O4
nanofluids. Xu and Zhao [36] investigated fully developed
forced convective heat transfer in porous medium subject
to asymmetrical heating with different models analytically.
The classic Darcy and Brinkman models were employed
for the fluid flow, while the local thermal equilibrium and
the local thermal non-equilibrium models were employed to
describe the heat transfer process in porous media. Open-cell
metal foam is experimentally investigated as a flow field for
a new bipolar plate design by Awin and Dukhan [37]. Chen
et al. [38] investigated the heat transfer characteristics of a
double-pipe heat exchanger with metal foam insert numeri-
cally. Their resulted for the designs of graded foam structure,
using lower porosity and small pore density at both side of
the inner pipe wall shows better overall performance with
the performance factors of 4.41 and 4.54. Ghahremannezhad
and Vafai [39] designed a microchannel heat sink (MCHS)
which improves thermal and hydraulic performance of con-
ventional microchannels. They analyzed three-dimensional
models of MCHS with different solid and porous fin thick-
nesses. In Ref. [40], various forms of fluid equations in a
porous medium, as an embedment of Navier—Stokes equa-
tion, are discussed for the single-phase flow. Bellos and Tzi-
vanidis [41] investigated a thermal photovoltaic system with
and without nanofluids. The used nanofluid was based on
copper oxide which is able to operate at an inlet tempera-
ture of 200 °C. The most important result of this study was
the increase in thermal and electrical efficiency by 46.84%
and 6.60%, respectively. Gu et al. [42] performed the eco-
nomic and technical evaluation on a solar photovoltaic sys-
tem intended for use in buildings in Sweden using optical
analysis based on the Monte Carlo method assuming eleven

basic input variables. It was ultimately concluded that their
studied photovoltaic system would be profitable. In another
work, Bellos et al. [43] also discussed the use of a decen-
tralized thermal photovoltaic system in a heat pump for use
in a residential home. Their results showed that using this
system increased energy and exergy efficiency by 4.80% and
0.66%, respectively.

The literature survey shows that significant works have
been done on increasing the efficiency through employing
nanofluids or focused on increasing the heat transfer and
power generation by using porous media. However, not
much focus has been given to the simultaneous use of nano-
fluids and porous media and its effect on performance of
the system.

In addition, most of the previous studies have not much
addressed the influence of time variable solar heat flux. In
this paper, the performance of a solar thermal photovoltaic
system using Al,O; nanofluid flowing into the porous chan-
nel is analyzed during a day in Mashhad city of Iran. The
effects of the nanofluid flow in porous channel on the pho-
tovoltaic cell temperature and PV cell efficiency under the
time variable solar heat flux and also the heat flux received
from the parabolic dish concentrator are discussed. Finally,
the system is evaluated from the energy and exergy view-
points and the first and second laws of thermodynamics
efficiencies are calculated. The investigation of the PV cell
efficiency, temperature of nanofluid and PV cell and also
energy and exergy analysis of PV cell, porous channel are
the most important achievements in this work.

Model description

A schematic view of the photovoltaic thermal cell with PDC
is shown in Fig. 1. The system is designed to provide both
thermal and electrical energies using thermal porous collec-
tor and photovoltaic cells. The solar heat fluxes are received
by concentrator and photovoltaic cell are equal to / and g",
respectively. The concentrator is positioned in a direction
perpendicular to the solar irradiation and is made of alu-
minum with a reflectance coefficient p’. Furthermore, the
study is performed in Mashhad city with latitude and longi-
tude coordinates of 37.27 and 59.63 located in the northeast
of Iran for a sunny day in summer (July 15). The amount of
solar irradiation reaches the concentrator and the top of the
photovoltaic cell within 24 h is equal to I, while the amount
of solar heat flux concentrated on bottom of the photovoltaic
cell by concentrator is equal to Q'. Accordingly, I is used for
heat flux related to the top of the PV cell and Q' is used for
heat flux related to the bottom of the PV cell. In addition,
the input energy and exergy are obtained based on / and Q'
used in some equations.
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Fig. 1 The schematic view of
the model

Fig.2 A The boundary condi- ()
tion of the model. b The layers
of photovoltaic thermal cell
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(b)

The photovoltaic thermal system consists of some layers
with boundary conditions shown in Fig. 2. The length of this
system is proportional to the dimensions of photovoltaic cell
which is L and its height is equal to H which is considered
based on the channel. The selected metal porous foam is
composed of aluminum material with porosity of € and per-
meability of K. The inlet temperature of the collector, local
temperature of nanofluid, the temperature of photovoltaic
cell and the output pressure of the solar collector are T,
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T,sis T, and P, respectively. The flow in the porous col-
lector is analyzed with the Brinkman equation considering
Reynolds number limited between 10 and 120.

The two-dimensional view of the parabolic dish concen-
trator with the most important geometrical parameters are
shown in Fig. 3a. As shown in this figure, D is Concentrator
diameter and #, p, f, ,;,, represent height of curve, radius,
focal length and rim angle, respectively. The concentra-
tor is made with aluminum. Figure 3 shows various finite
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Fig.3 a The 2D schematic view of solar parabolic dish concentrator. b The variation of focal length and height of concentrator versus rim angle

parabola curves having a common focus and the same aper-
ture diameter.

The numerical model is based on two-dimensional
unsteady state condition where L =156 mm, H=10 mm and
PV cell dimensions are according to LG305N1C-B3 PV Cell
[44]. The characteristics of the coupled system are selected
as €=79.6%, d,=5X% 10~* and T}, =300 K. For the concen-
trator, D=2 m, @, =30 and the reflectivity is equal to 92%.

rim

Governing equation

The equations used for nanofluid properties are same as
those used in our previous work [24]. In order to analyze
the fluid flow into a two-dimensional channel, the governing
equations including continuity and momentum (Brinkman’s
equation) are employed:

Jdu Ou  dv
u, gu %_on
o Tt oy @)

In Eqgs. 2.1 and 2.2, K represents the permeability tensor
of the porous channel. As presented in Eq. 3, it is a function
of the porosity and diameter of porous media holes for an
isotropic porous medium [40].

D%e3
p

T a(l—ep

3

This equation is expressed in terms of Carmen’s theory
where a is a constant equal to 180 [40]. In addition, the
energy equation is as follow:

or . oT | dT °T | 0°T
Cl=+u=+v= )=k =+=—= ) +
P P(ar “ox Vay> <ax2 ay2> ¢ @

It should be noted that in above equations, u represents
the Darcy velocity in the porous medium obtained from

Eq. (5):
i=¢ll Q)]

The value of k. for porous collector is related to thermal
conductivity of fluid and porous particle as [30, 40]:

Pt (Ou . Ou | Ou op  Hu [ [0*u | 0*u 2(0u  ou Hng

A B ) = () (2 ) ) - 2.1
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keff = kAlg + k(l - 6) (6)

Moreover, the average fluid temperature in the collector
is calculated as follow [28]:

/OH uTdy
/OH udy

In this study, the parabolic dish concentrator is used and
an parabolic equation is used for the concentrator [16]:

X = 4fy ®)

According to geometrical parameters of parabolic dish
concentrator shown in Fig. 3, the relation between focal
length with rim angle and r is as follow [16]:

Ty(x) = (N

sin” 9 _ 4f ©)
cos® r

2
=7 + cos @iy (10)

In terms of focal length and aperture diameter, for the par-
abolic dish concentrator with a small rim angle, the height
of the parabola is [16]:

D2
h=@ (11)

Also, the relation between rim angle and focal length with
concentrator diameter is [16]:

%:1/<4tan¢r—2im> (12)

Furthermore, reflected flux of parabolic concentrator is
achieved according to following equation [12, 13]:

Q' = ﬂf% [(1 = cos2byiny)) = (1 = cosep))] o1 (13)

In above equation, ¢, is shadow angle that is calculated
from following equation [16]:

¢, = tan~ (D, /f) (14)

If the equivalent diameter of the porous collector D, is
much smaller than the focal length, the shadow angle will
be zero.

The convective heat transfer from top and down shown in
Fig. 2a can be defined as follow:

Qc = h(Tb - Tamb) (15)

The thermal energy received from the porous channel is
obtained from Eq. 16:
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qe = mC(Toy = Tin) (16)

The exergy of photovoltaic cell, exergy of porous channel
and the maximum efficiency ratio ¥ for the exergy from the
sun can be found by the Petela’s formula from the following
equations, respectively [12, 13]:

. Toul
¢c =mC (Tout - Tin) - Tamb Ln T. (17)
¢cell = ncelllAcell (18)
4
1 Tam 4 Tam
w=1+§<Tb>—§7¥ (19)

In Eq. (19), the solar temperature is 6000 K. The thermal
efficiency for the channel equals to the ratio of the energy
received from the channel to the total energy received from
the sun and the concentrator is as follows [13]:

mC( Toul - Tin)

o= A @+ D)

(20)
The efficiency of the photovoltaic cell is equal to the fol-

lowing relation [19]:

Heenl = nref[l - ﬂ(Tcell - Tref)] 21

The first law efficiency and the second law efficiency for a
thermal photovoltaic system for thermal photovoltaic system
are [12, 13]:

ncelll + mC(Toul B Tin)
rlcpvt = ACI

(22)

d)cell + ¢c
Ecpvt = d)— (23)

where the f is a constant value and the Reynolds number is
calculated using Eq. 24 which is in terms of density, hydrau-
lic diameter and viscosity of nanofluid.

_ PrUntDy
Hnf

Re (24)

In this respect, the hydraulic diameter of the porous chan-
nel is equal to the following relationship:

Dh — n (25)

The concentration ratio is considered based on PV cell
area and concentration area as follow:
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Fig.4 The diagram of solution method for present model
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(26)

The optical efficiency is defined as a function of solar heat
fluxes, concentrator area and PV cell area:

n — Q,Acell
P A

27

The time variable solar heat flux and photovoltaic cell
information were obtained from PVSys software and used
for the numerical solution of the nanofluid flow in the porous
channel. The numerical solution method is based on the
finite element and direct method of MUMPS' solver. Then,

! Multi-frontal massively parallel sparse direct solver.

O,+&,011s9.Ncprr-Ecprr

Fluid flow B.C

Nanofluid and
Porous media
param eter

v
Numerical

X < Validation
solution

Lmeskep

Mot » T, ch//

out*

Re(it1)=Re(i)+Rei-1)

A

Time step

the thermodynamic analysis of the system is conducted
based on the energy and exergy by calculating the thermal
parameters according to computational fluid dynamics solu-
tion. The diagram of the solution method is shown in Fig. 4.

Result

In this paper, the use of a solar thermal photovoltaic system
coupled with Al,O; nanofluid flow into the porous chan-
nel is investigated over a day for Mashhad city in Iran. The
numerical model is based on two-dimensional unsteady-state
condition. The result in this section consists of three sections
which is discussed in detail.
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Fig.5 The comparison between variation of Nusselt number at the
present model and experimental data [17] for 4% of nanofluid into a
non-porous collector at x/D =147
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Fig.6 The comparison between variation of normalized temperature
versus height of foam for present model and experimental data and
numerical results [34] with e=79.6%

Validation

For validation of the model, the Nusselt number in non-
porous media is firstly investigated for acceptable Al,O;
properties. Then, the dimensionless temperature in porous
media is analyzed for fluid flow and heat transfer in porous
medium. Finally, the electrical efficiency of PV cell with
nanofluid flow without porous media is evaluated. The Nus-
selt number is initially checked to investigate the accuracy
of the result obtained for nanofluid flow and its properties
in a non-porous collector. This validation result is shown in
Fig. 5 where the Nusselt number is compared with experi-
mental data for 4% of nanofluid. As seen, the maximum
errors between the presented model results and experimental
data [17] are equal to 10.8%.

In order to validate the porous medium solution, the
values of normalized temperature 0 in perpendicular direc-
tion obtained from presented model are compared with the
numerical and experimental data published in the previ-
ous works [34], for aluminum foam with porosity of 79.6%
(Fig. 6). According to Fig. 6, the modeling results have an
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Fig.7 The comparison between electrical efficiency achieved at the
presented model with numerical model [19], for alumina nanofluid

acceptable agreement with the experimental data with maxi-
mum errors of 3%. Furthermore, the presented results are
closer to the numerical data than to the experimental data.

The electrical efficiency is calculated and shown in Fig. 7
based on the similar conditions selected in the previous
work [19]. In this comparison, the nanofluid flow without
using porous collector is used. As shown in Fig. 7, the pre-
sented data have an acceptable agreement with numerical
model [19] with errors of 4%. This difference decreases
with decreasing the inlet velocity which is corresponding to
increasing the outlet temperature.

Thermal results

Figure 8a shows the variation of solar irradiation I on July
15 for Mashhad city. In addition, the variation of heat flux
received by the concentrator Q' on this day are also shown
proportional to its solar flux. According to Fig. 8a, the max-
imum solar irradiation at 12 p.m. equals to 1000 W m™2
and the maximum heat flux received by the concentrator
is 8500 W m~2. The exergy of the irradiation and the heat
flux received by the concentrator during 24 h is shown in
Fig. 8b. As shown in this figure, the maximum exergy of the
concentrator is when more solar radiation is received by the
cell from the concentrator.

Figure 9 shows the variation of the nanofluid temperature
of porous channel according to Eq. 7 at different Reynolds
number for one day under the influence of solar irradiation
and the heat flux received by the concentrator. As the chan-
nel length increases, the nanofluid temperature increases.
These temperature changes are influenced by the porosity
and permeability parameters and the heat which is due to
the solar flux and the flux received by the concentrator to
the porous channel. Moreover, as the Reynolds number
increases, the nanofluid temperature decreases. The rate
of nanofluid temperature change is 53.4% at 12 p.m. and



The effect of using nanofluid flow into a porous channel in the CPVT under transient solar heat. ..

(a) 2 12
Q’/kW m~2
R —— KW m™2 110
1.5
18
N T
I
£ .| 16 =
< =
= =
= e}
-4
0.5f

T2 15 18 21 24
time/h

515
(b) 35, 240
b (Ddown/W
30f =i Py/W
25
1160
20 s
% i 3
=]
S 5 &
- {80
10}
5
0
09 24

time/h

Fig.8 a The variation of solar irradiation and heat flux received from concentrator. b The variation of exergy of solar irradiation and heat flux

received from concentrator on July 15 for Mashhad city

Reynolds number of 10, while it is 15% at the same time (12
p.m.) and Reynolds number of 110.

In Fig. 10a, the variation of the average outlet temperature
of nanofluid in the porous channel is shown at different times
of the day and different Reynolds numbers. The highest aver-
age nanofluid temperature is 58 °C at Reynolds number of
10, while that it is equal to 32 °C at Reynolds number of
110. In addition, the variation of average outlet temperature
of the nanofluid in the porous channel in terms of Reynolds
number changes is shown in Fig. 10b. The outlet temperature
of nanofluid decreases with increasing the Reynolds number,
and the maximum difference of the average outlet tempera-
tures is 26% for 12 p.m. and 16 pm.

The variation of average PV cell temperature over a day
for different Reynolds numbers is shown in Fig. 11a. As the
Reynolds number increases, the average PV cell tempera-
ture decreases at all times of the day. The highest average
cell temperature is at 12 p.m. with the highest solar radia-
tion. However, a photovoltaic cell without a porous channel
can have a greater temperature at maximum radiation and
Reynolds number of 10. Furthermore, the porous channel
can have thermal energy and also can reduce the average PV
cell temperature. The highest average PV cell temperature
is 47 °C at 12 p.m., while at this time, the lowest average
PV cell temperature is 30 °C. In Fig. 11b, for the three time
periods between 8 a.m. to 16 p.m., the variation of average
PV cell temperature is demonstrated versus the Reynolds
number. The rate of change is similar with increasing the
Reynolds number, while the PV cell temperature change for
Reynolds numbers less than 40 is more significant compared
to Reynolds numbers greater than 80.

Thermodynamics results

Figure 12a shows the thermal energy received from the
porous channel during the day. The maximum amount of
thermal energy received from the channel is the maximum
during the time when the solar radiation is 215 W at Reyn-
olds number of 110. This result shows that both of the ther-
mal power and the electrical power can be obtained from the
porous channel and PV cell. In addition, the thermal power
changes versus Reynolds number at three specified times in
the morning, noon and evening are shown in Fig. 12b which
indicates that the variation of heat energy becomes more
uniform at Reynolds numbers greater than 70.

The first law of thermodynamics efficiency of the CPVT
is shown in Fig. 13. As shown in this figure, with increasing
Reynolds number, the first law efficiency increases (due to
porous channel cooling). The highest first law efficiency is
9.5% and the lowest is 2.4%.

Figure 14a shows the variation of PV cell efficiency at
different Reynolds numbers. In ideal condition, the PV cell
efficiency is 0.2 which is under heat flux of 1000 W m~2 and
PV cell temperature of 25 °C. As can be seen in Fig. 14a, by
increasing the solar heat flux and also the heat flux received
from the concentrator the efficiency of the cell decreases
but the nanofluid flow inside the porous channel causes less
change in cell temperature. Consequently, the PV cell effi-
ciency increases. The increase in PV cell efficiency with
increasing Reynolds number is due to the more cooling of
the nanofluid flow inside the porous channel. The difference
between the highest efficiency and its lowest value is 5% at
12 p.m. It is also seen in Fig. 14b that the effect of flow on
PV cell efficiency at Reynolds numbers greater than 70 is
much lower than its effect at Reynolds numbers less than 40.
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Fig.9 The variation of the nanofluid temperature of porous channel at different Reynolds, a Re=10, b Re=30, ¢ Re=70 and d Re=110 over a

day

The exergy of porous channel and PV cell versus Reyn-
olds number in the morning, noon and evening are shown
in Fig. 15a, b, respectively. The variation of exergy of PV
cell respect to Reynolds number is small which is due to
the low efficiency of the photovoltaic cell as a result of the
effects of the flow induced by the porous channel. As shown
in Fig. 16a, the increase in Reynolds number is proportional
to the decrease in porous channel exergy.

The efficiency of the second law of thermodynamics
for the CPVT is shown in Fig. 16. As shown in this fig-
ure, the second law of thermodynamics efficiency decreases
as Reynolds number increases. The highest second law of
thermodynamics efficiency is 4.2% at 12 p.m. and Reynolds
number of 20 while the lowest is 2.8%. For all Reynolds

@ Springer

numbers, the exergy efficiency at 12 p.m. is higher than
the other hours of the day, as shown in Fig. 16. However,
according to Eq. (23), the electrical efficiency decreases as
the temperature increases at 12 p.m., but it is more efficient
in terms of heat generation and exergy efficiency. The CPVT
systems show that the supply of thermal and electric energy
can increase exergy efficiency and simultaneously.

In this paper, due to the simultaneous use of porous media
and nanofluid, it is possible that the cell temperature does
not increase too much which helps to further increase in the
electrical efficiency of the cell. On the other hand, thermal
energy can also be received from porous channel. There-
fore, for these reasons, the proposed system is more efficient



The effect of using nanofluid flow into a porous channel in the CPVT under transient solar heat... 517

(@7 (b) &0

66 -
60
54 |

48|

TOUt/oC
Toul"C

a2}

36

30

240 4 8 12 16 20 24

Fig. 10 a The variation of the average outlet temperature of nanofluid the porous channel versus time; b the variation of average outlet tempera-
ture of the nanofluid in the porous channel versus Reynolds
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Fig. 11 a The variation of average PV cell temperature versus time over a day for different Reynolds. b The variation of average PV cell tem-
perature versus Reynolds number at 8 a.m., 12 p.m. and 16 p.m
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than other thermal photovoltaic systems mentioned in the
literature.

Comparing Fig. 13 with Fig. 16, it is found that the
changes in the second law efficiency is less than that of the
first law efficiency and the second law of thermodynamics
efficiency is greater than the first law of thermodynamics
efficiency at Reynolds numbers less than 30 and 14 p.m. In
general, a summary of the modeling results can be found
in Table 1. According to Table 1, the mean values are
expressed in terms of Reynolds number during a day at 8
a.m., 12 p.m. and 16 p.m.
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Fig. 14 a The variation of PV cell efficiency during the day at different Reynolds numbers. b The variation of PV cell efficiency versus Reynolds

number
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Fig. 16 The second law of thermodynamics efficiency of the concen-
tration photovoltaic thermal (CPVT)

Table 1 The performance parameters in this study

Parameters 8 a.m. 12 p.m. 16 p.m.
flcel 0.194 0.193 0.195
Aeh 0.729 0.712 0.751
HepyT 0.054 0.076 0.043
Neonc 0.064 0.064 0.064
ben 1.656 3.380 1.066
been 3.337 4.810 2.613
ECPVT 0.033 0.037 0.031
Conclusions

In this work, energy and exergy analysis over the solar ther-
mal photovoltaic system coupled with Al,O; nanofluid flow

into the porous channel is studied during a day for Mashhad
city in Iran. The effects of the nanofluid flow into porous
channel on the photovoltaic cell temperature and PV cell
efficiency under time variable solar heat flux and the heat
flux received from the parabolic dish concentrator are also
discussed. Furthermore, the efficiency of the first and second
law of thermodynamics is calculated. The most important

results are as follows:

The variation in temperature of the nanofluid is influ-
enced by the porosity and permeability parameters. The
rate changes in nanofluid temperature is 53.4% at 12 p.m.
and Reynolds number of 10.

The highest average nanofluid temperature is 58° C at
Reynolds number of 10, while it is 32° C at Reynolds
number equal to 110.

The highest average PV cell temperature is 47 °C at 12
p.m., while at this time, the lowest average PV cell tem-
perature is 30° C. In addition, the changes in PV cell
temperature at Reynolds number less than 40 are more
significant compared to Reynolds numbers greater than
80.

With increasing Reynolds number, the first law efficiency
increases due to more porous channel cooling as the
highest first law efficiency is 9.5% and the lowest is 2.4%.
The increase in PV cell efficiency with increasing Reyn-
olds number is due to the more cooling of the nano-
fluid flow inside the porous channel, and the difference
between the highest efficiency and the lowest value is 5%
at 12 p.m.

The second law of thermodynamics efficiency decreases
as Reynolds number increases as the highest second law
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of thermodynamics efficiency is 4.2% and the lowest is
2.8%.
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