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A B S T R A C T

In this study, a PVT system equipped with a nanofluid-based collector is investigated from entropy generation
viewpoint. The purpose of this study is characterizing a PVT system in order to enhance its performance. For this
purpose, the effects of adding nanoparticles on entropy generation are investigated using a 2D-transient nu-
merical model validated with experimental measurements. The experiments were performed for various nano-
fluids (Al O2 3/water, TiO2 /water and ZnO /water by 0.2 wt%, and SiO2 /water by 1 wt% and 3 wt%) on a PV
system equipped with a serpentine collector tube to increase its efficiency. A good agreement is observed be-
tween model calculations and those of the measurements. The effect of various metallic and metalloid nanofluid
mass fractions on thermal (locally) and frictional fluid entropy generations, and the total entropy generation of
the PVT system are investigated. The effects of various nanofluids on thermo-physical properties, coolant fluid
heat transfer, and energy and exergy efficiencies are also examined. The results show that adding nanoparticles
improves the thermal exergy efficiency of the system. ZnO /water had the highest and SiO2 /water had the
lowest thermal exergy efficiency. In addition, it is observed that by increasing the mass fraction of metallic-water
nanofluids (Al O2 3, TiO2 and ZnO /water) in the range considered in this study, less entropy is generated due to
the improvement made in the nanofluid thermo-physical properties. For Al O2 3 /water nanofluid, the best per-
formance in terms of thermal and total entropy generation is obtained. The ZnO /water nanofluid is also found to
generate the least frictional entropy generation. However for metalloid nanofluid considered in this study
(SiO2/water nanofluid) is found to have the most entropy generation which is not favorable.

1. Introduction

Nowadays, using renewable sources of energy such as solar energy
in many applications is becoming more and more popular. Sun is one of
the infinite sources of energy; almost 51% of the incoming solar energy
towards the earth reaches the earth surface and the rest is absorbed and
reflected by the atmosphere [1]. Solar energy is not concentrated at a
certain place and time; for this reason, it is necessary to find a way to
collect it efficiently. Solar energy does not have the disadvantages of
fossil fuels such as pollution and global warming [2]. Three common
types of solar energy systems include solar collectors, photovoltaic cells
and photovoltaic/thermal (PVT) units widely used to generate elec-
tricity and produce thermal energy. A photovoltaic thermal unit may be
regarded as a hybrid system that converts radiant energy into electricity
and heat, simultaneously. It has been determined that increasing the PV
cells temperature by 1 degree at the crystalline silicon cells, the

amorphous silicon cells, and the c-Si cells will reduce the electrical
efficiency by 0.5%, 0.25% and 0.45%, respectively [3–5]. In addition, if
the thermal stress on the PV cells remains for a long period of time, it
can damage the module [6]. The technical performance of a PVT system
is usually evaluated by energy and exergy efficiencies [7]. The dual
functions of the PVT system results in a higher performance compared
to that of a PV unit.

Several methods simulated PVT system have been introduced to
control the PV cell temperature in order to increase the electrical effi-
ciency and employ the absorbed heat. Bhattarai et al. [8] simulated
one-dimensional transient model by commercial software (MATLAB)
for water-cooled PVT system. They investigated the total efficiency of
the PVT is almost 16% higher than the solar collector system. Rejeb
et al. [9] investigated PVT system numerically by FORTRAN. They
found in a water-cooled PVT system by increasing the solar radiation
can achieve high thermal efficiency and high conduction coefficient
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between the photovoltaic module and the absorber plate. They also
found by increasing inlet water temperature the thermal efficiency and
electrical efficiency will decrease. Yazdanpanahi et al. [10] investigated
the water-cooled PVT system experimentally and numerically (one di-
mensional steady) from the 2nd law of thermodynamic. At their study
they found at a constant solar intensity 700 W

m2 , by increasing mass flow
rate from 0.001 to 0.002 kg/s exergy efficiency will increase from 10%
to 13.95% while by increasing mass flow rate bigger than 0.002 kg/s
exergy efficiency will drop down. Also, they found at a 0.002 kg/s mass
flow rate by increasing solar radiation intensity from 0 to 1000 W

m2 their
exergy efficiency increase exponentially from 0 to 15.5%. Singh et al.
[11] used a genetic algorithm–fuzzy system (GA-FS) for optimization of
a glazed photovoltaic thermal (PVT) system and improvement of the
overall exergy efficiency. They obtained an overall exergy efficiency of
15.82% with the GA–FS approach which was 1.27% and 5.40% more
than the efficiency of the system optimized with the GA and un-opti-
mized system, respectively. In another study [12], they optimized a
dual channel semitransparent PVT module by using the fuzzyfied ge-
netic algorithm (FGA). They reported an improvement of 1.13% in
electrical efficiency and 12.21% improvement in overall exergy effi-
ciency compared to those of un-optimized system. Yazadanifard et al.
[13] numerically simulated a water-cooled PVT system by a commer-
cial software (MATLAB) in both laminar and turbulent flow regimes.
They found that while the total energy efficiency was higher in turbu-
lent regime, the laminar regime was more efficient from the exergy
viewpoint.

Using nanoparticles in a fluid is an efficient method to enhance its
heat transfer performance because nanoparticles can improve the

thermo-physical base-fluid properties. Sardarabadi et al. [2] experi-
mentally investigated the effects of SiO2/water (Silicon Dioxide) na-
nofluid as a cooling system. They found that using a nanofluid by 1 wt%
and 3 wt% increased the overall efficiency by 3.6% and 7.9%, respec-
tively, compared to that of pure water. They also observed by adding a
thermal collector to a PV system that the total exergy of the PVT with
pure water, 1 wt% and 3 wt% SiO2/water nanofluid was increased by
19.36%, 22.61% and 24.31%, respectively. Rejeb et al. [14] numeri-
cally investigated the effects of nanofluids on electrical and thermal
performance of an uncovered PVT system. They used Al O2 3 (Aluminum
Oxide), Cu nanoparticles in water and ethylene glycol. They found that
nanoparticles improve the thermo-physical properties of base-fluid and
increase the heat transfer between the tube and the fluid. They con-
cluded that the Cu/water nanofluid had a better performance between
other tested nanofluids. Sardarabadi et al. [15] investigated the effects
of various metal-oxidewater nanofluids as coolant in their experiments.
They examined Al O2 3, TiO2 (Titanium Dioxide) and ZnO /water (Zinc
Oxide) by 0.2 wt%. They showed that the PVT thermal performance is
highly and electrical efficiency is slightly dependent on the mass frac-
tion of the nanoparticles. Khanjari et al. [16] used the FLUENT software
to investigate the effect of nanofluid on the PVT performance. They
showed that increasing nanofluid volume fraction increases the heat
transfer coefficient and efficiency. They showed that depending on the
inlet fluid velocity, for Al O2 3 /water nanofluid at =φ 5% (volume
fraction), the heat transfer coefficient increases 8–10% compared to
that of the pure water. For Ag/water nanofluid with the same con-
centration, the increase of the heat transfer coefficient was more pro-
nounced (28–45%). More CFD works and dynamic model simulations

Nomenclature

Symbols

d diameter m
δ thickness m
ρ density kg m/ 3

C specific heat capacity J kg K/
k thermal conductivity W m K/
r packing factor –
α absorptivity –
ε emissivity –
τ transmittance –
W width m
L length m
T temperature K
μ viscosity Pa s.
φ nanofluid volume fraction –

PΔ pressure drop Pa
G solar radiation W m/ 2

h heat transfer coefficient W m K/ 2

hf frictional head loss m
δx cell width m
δy cell length m
t Time s
η efficiency –
ηII exergy efficiency –
V velocity m s/
Nu Nusselt Number –
Re Reynolds Number –
Pr Prandtl Number –
E energy W m/ 2

Ex exergy W m/ 2

S entropy J K/
P perimeter m

M mass kg
wt% nanofluid mass fraction –

Abbreviations

PV photovoltaic
PVT photovoltaic/thermal

Subscripts

nf nanofluid
f fluid
p nanoparticle
g glass
rad radiation
env environment
sky sky
wind wind
amb ambient
cond conduction
pv photovoltaic
el electrical
ab absorber
in insulation
t tube wall
conv convection
th thermal
o outlet
i inlet
gen generation
inst installation
inv inverter
sub subsidy
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for the flat plate PVT systems can be seen in the review article of Ta-
gliafico et al. [17]. As can be seen from the above literature review on a
PVT system equipped with nanofluid base collector, the effect of
thermo-physical properties of different nanofluids on the exergy effi-
ciency and heat transfer were rarely investigated.

Based on the 2nd law of thermodynamic, entropy generation ana-
lysis can be useful for reducing the lost work and optimizing the system
optimization [18]. Moghadami et al. [19] used CFD simulations to in-
vestigate the change of entropy generation by adding Al O2 3 nano-
particles to the fluid in a circular tube with a constant heat flux. They
investigated different nanoparticles concentration vs. Reynolds
number. Their results showed that in a laminar regime, by using na-
nofluids, the reduction of entropy due to the heat transfer was sig-
nificantly more than the increase of entropy due to friction. Therefore,
they concluded that using Al O2 3 /water nanofluid instead of pure water
at low Reynolds number can decrease the total system entropy. Alim
et al. [20] investigated analytically the entropy generation of a solar
nanofluid based collector. They used Al O2 3, CuO, SiO2, and TiO2 na-
noparticles in water as a base-fluid. They reported a conclusion similar
to that of Moghadami et al. [19] for the effect of adding nanoparticles
on entropy generation on the system. They found CuO /water nanofluid
to have the best performance among various nanofluids they con-
sidered. More details of entropy generation in collectors can be seen in
the review paper of Mahian et al. [21].

In this paper, a combined experimental and numerical research is
performed to study the entropy generations and efficiencies of a PVT
nanofluid-based collector system. From the comprehensive literature
review mentioned above, the focus of most researchers in this field has
been the entropy generation analysis in solar thermal collectors rather
than PVT systems. Few studies are available in the literature on the
effect of thermo-physical properties of nanofluids on the entropy gen-
eration and pressure drop analyses in PVT nanofluid-based collectors
for various mass fractions. In this research, therefore, a comparison is
performed between metalloid and metal oxides nanoparticles with
different mass fractions in a nanofluid from the thermodynamics
viewpoint based on the 2nd law (i.e., thermal, frictional and total en-
tropy generations; and thermal and electrical exergies). The main focus
of this study is to investigate the effect of nanofluids thermo-physical
properties on the entropy generations (local and total of thermal en-
tropy generation and total of frictional entropy generation) by adding
different nanoparticles. These analyses are accomplished based on the
thermal properties of each nanofluid for various mass fractions.

The experimental setup used in this study consists of a PVT water-
cooled system (as a reference system) and a PVT nanofluid based col-
lector system. For the numerical part, a 2D transient model is developed
(in Fortran programming) to simulate a PVT nanofluid-based collector.
No commercial software was used in this study. The selected nanofluids
include SiO2/water, TiO2/water, ZnO/water, and Al O2 3/water.

2. Experimental setup

A view and schematic diagram of the experimental setups are shown
in Figs. 1 and 2. The setup in the experiment consists of a 40 W
monocrystalline silicon photovoltaic module (Suntech Co., China). In
the system, referred as PVT, the photovoltaic module is equipped with a
copper sheet and tube collector.

In the PVT, a shell and tube heat exchanger is used to cool the
working fluids in a closed flow circuit after having absorbed the heat in
the collectors. A working fluid with a mass flow rate of 30 kg/h is used
in the PVT system. The details of the selection procedure for the fluids
mass flow rate can be seen elsewhere [2]. The working fluids con-
sidered in the experiments are Al O2 3/water, TiO2/water and ZnO/water
by 0.2 wt%, and SiO2/water by 1 wt% and 3 wt%. Nanofluids are sta-
bilized with an ultrasound mechanism and acetic acid (CH3COOH) as a
surfactant. The daily measured data is collected from 9:30 am to
3:30 pm on selected days at the Ferdowsi University of Mashhad,

Mashhad, Iran (Latitude: 36o and Longitude: 59o). In the experiments,
the tilt angle of the collector is set at a constant value of 30 degrees (the
slope with respect to the horizontal surface while the collector is facing
south).

It should be noted that no sedimentation of nanoparticles in the
suspension was observed after 7 days. Fluid flow temperatures at the
inlet and outlet of the heat exchanger and that of the collector are
measured by K-type and RTD sensors. The collected data of the K-types
are then stored by a data logger (Testo, 177 T4). The surface tem-
perature of different points (middle and four corners) of the PV unit are
measured by a portable K-type surface thermocouple where the max-
imum value is reported as the PV surface temperature. Digital multi-
meters are used to measure the short-circuit and load currents, and the
open-circuit and load voltages. The total incident radiation is measured
by a solar power meter (TES-1333) positioned parallel to the photo-
voltaic surfaces. The working fluid mass flow rates are controlled and
measured by a rotary flow meter. In order to determine the reliability of
the experiments, an uncertainly analysis is performed for the measured
parameters and electrical efficiency [2]. If R is a function of ‘n’ in-
dependent linear parameters as = …R R ν ν ν( , , , )n1 2 , the uncertainty of
function R is defined as:

⎜ ⎟ ⎜ ⎟ ⎜ ⎟= ⎛
⎝

∂
∂

⎞
⎠

+ ⎛
⎝

∂
∂

⎞
⎠

+…+⎛
⎝

∂
∂

⎞
⎠

δR R
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1

1

2

2
2

2 2

(1)

where δR is the uncertainty of function R, δνi the uncertainty of para-
meter νi, and ∂

∂
R
νi
is the partial derivative of R with respect to parameter

νi. The uncertainty of the experiments was found to be less than 5% for
all cases in this paper. More details of the measuring instruments and
experimental uncertainties can be found elsewhere [2].

3. Mathematical model

In this paper, the effect of adding different nanoparticles on the
performance of the PVT system is investigated both numerically and
experimentally. The results of numerical solutions are compared with
those of the measurements. The numerical model developed in this
study is unsteady and two-dimensional. The schematic diagram of the
model is shown in Fig. 2b.

3.1. Assumptions

The main purpose of modeling is to find the temperature distribu-
tion of the PV unit and the collector in order to analyze the system from
both 1st and 2nd laws of thermodynamics. The type of working fluid
plays an important role in the system efficiency and entropy generation.
The main assumptions used in the mathematical model are as follows:

• Fluid flow in the collector is incompressible, laminar, one

Fig. 1. The experimental setup.
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dimensional (axial) and uniform.

• The sky is assumed a black body with a temperature of Tsky.

• The various layers are assumed thin with no temperature gradient
within their thickness.

• Solar radiation is perpendicular to the photovoltaic plate.

• Nanofluid assumed as a single phase fluid (both the fluid phase and
particles are in a thermal equilibrium state and they flow at the
same velocity).

3.2. Geometry and properties

According to the Fig. 2a, the collector type is serpentine. The

properties and geometry of the model developed in this study is listed in
Table 1.

Pure water is selected as the base-fluid with temperature dependent
properties given in the relations provided in Table 2.

By varying the water temperature from 30 to 60 °C, the net changes
of density, viscosity, thermal conductivity, and specific heat capacity
are in the range of 1, 42, 6 and 0.1% respectively. The nanofluid is
modeled as a single phase with thermo-physical properties obtained
based on the equations given in this section [22].

= + −ρ φρ φ ρ(1 )nf p f (2)

where ρnf is nanofluid density, ρf and ρp are base-fluid and nanoparticle

Fig. 2. (a) the PVT system plates and its meshes. (b) The schematic
diagram of the PVT model and its layers and heat transfers. (c) The
boundary condition of the tube.
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densities and φ is nanofluid volume fraction that can be calculated as:

=
+

φ

m
ρ

m
ρ

m
ρ

p

p
p

p

f

f (3)

where mp and mf are the mass of nanoparticle and fluid, respectively.
The heat capacity of nanofluid is determined by:

=
+ −

C
φρ C φ ρ C

ρ

(1 )
nf

p p f f

nf (4)

where Cnf , Cf and Cp is nanofluid, base-fluid and nanoparticle specific
heat capacities, respectively.

The viscosity of nanofluid is given by Brinkman [23] as:

=
−

μ
μ

φ(1 )nf
f

2.5 (5)

where μnf and μf are nanofluid and base-fluid viscosity, respectively.
To calculate thermal conductivity, the Maxwell relations [24] is

used:

=
+ + −

+ − −
k

k k φ k k
k k φ k k

k
2 2 ( )

2 ( )nf
p f p f

p f p f
f

(6)

where knf , kf and kp are thermal conductivities of nanofluid, base-fluid
and nanoparticle respectively.

The properties of nanoparticles used for the modeling are sum-
marized in Table 3.

3.3. Governing equations

To find temperatures at all points in the entire PVT system under
consideration, the energy equations for all plates (Fig. 2) need to be

solved simultaneously. There are three plates of glass, PV and absorber
under which the tube that carries the cooling fluid is attached. The tube
is covered with insulation (see Fig. 2b). The energy equations written in
this section are only provide for an inner computational cell. Special
considerations are required at the boundaries.

For the glass plate, the irradiation from the sun and the radiation of
the plate to the sky must be considered. The convection heat transfer to
the surrounding ambient and the conduction to the PV plate should also
be included in the energy equation, given as:

= − − − −

+ − + ∇ ∇
→

→

ρ δ c α G h T T h T T

U T T δ k T

( ) ( )

( ) . ( )
g g g

dT
dt g rad g env g sky wind g amb

cond g pv pv g g g g

,

,

g

(7)

where ρ, α, δ and c are density, absorptivity, thickness and specific heat
coefficient. G is solar radiation per unit area and subscript g refers to
the glass. →hrad g env, , hwind and →Ucond g pv, are heat transfer coefficient of
radiation to the environment, convection heat transfer coefficient to the
ambient, and total heat transfer coefficient between glass and PV plates,
respectively. Tsky, Tamb, Tpv and Tg are the temperatures corresponding to
the sky, ambient, PV plate and the cover glass, respectively.

The above equation is solved numerically using an implicit for-
mulation where the diffusion term ( ∇ ∇δ k T·( )g g g ) is spatially discretized
by a center-differencing scheme. The discretized equations are solved
using the TDMA numerical method.

For the sky temperature, the following equation [25] such as:

=T T0.0552sky amb
1.5 (8)

The equivalent heat transfer coefficient of radiation to the environment
is given by [14]:

= + +→h ε σ T T T T( )( )rad g env g g sky g sky,
2 2

(9)

where εg and σ are emissivity of glass and Stefan Boltzman constant,
respectively.

The convection heat transfer coefficient to the ambient is calculated
based on the following equation that considers the wind speed [26]:

=
⎧

⎨
⎩

+ <

+ ⩾h
V V

V V

5.7 3.8 , 5

6.47 , 5wind

wind wind
m
s

wind wind
m
s

0.78

(10)

where Vwind is the local wind speed. In this research, the wind is as-
sumed to have an average speed of 1 m

s .
The total heat transfer coefficient between glass and PV plate is

calculated as:

=
+ + ″

→
→

U
R

1
cond g pv δ

k
δ
k g pv

,

2 2
g

g

pv

pv (11)

where ″→Rg pv is the thermal contact resistance per unit area between the
glass and PV plate.

For the PV plate, it receives the solar radiation transmitted from the
glass plate and converts part of the energy to electricity and the rest are
transferred to both the glass and absorber plates. Therefore, the energy
equation is written as:

Table 1
The PVT system geometry and properties.

Glass Tube Absorber plate

=δ 3 mmg

=ρ 2200g
kg
m3

=C 480g
J

kgK

=k 1.1g
W

mK
=α 0.05g

=ε 0.92g

=τ 0.936g

=d 8 mmt
=δ 1 mmt

=ρ 8920t
kg
m3

=C 385t
J

kg K

=k 398t
W

mK

=ṁ 0.00834kg
s

=δ 0.3 mmab

=ρ 8920ab
kg
m3

=C 385ab
J

kg K

=k 398ab
W

mK

″ = ×→
−R 5 10ab pv

7 K
W

Dimensions Photovoltaic

=W 0.54 m
=L 0.63 m

=δ mm0.3pv

=ρ 2330pv
kg
m3

=C 700pv
J

kg K

=k 84pv
W

mK

=r 0.94pv

=α 0.95pv

= −β 0.0045 Kpv
1

=η at16% 298 Kel,0

″ = ×→
−R 3.8 10g pv

4 K
W

Table 2
The base fluid (water) properties versus temperature.

Density kg
m3

= − − ±ρ T1000 0.0178| 277| 0.2%f
1.7 [30]

Viscosity kg
m s.

= × − − +−μ 1.788 10 exp( 1.704 )f T T
3 1448.538 521926.58

2 [30]

Thermal
Conductivity

W
mK

= − × −
+ × − +

−

−

k T
T

8.01 10 ( 273)

1.94 10 ( 273) 0.563
f 6 2

3
[16]

Specific Heat

Capacity J
kgK

⎜ ⎟= × ⎛
⎝

+ ⎛
⎝

⎞
⎠

⎞
⎠

+ ×

−

− −

( )C 4.1855 10 0.966185 0.0002874

0.011160 10

f
T

T

3 173
100

5.26

0.036( 273)

[16]

Table 3
The nanoparticles properties.

Nanoparticle Density kg
m3

Specific heat capacity
J

kgK

Thermal conductivity W
mK

Al O2 3 3970 765 40
TiO2 4250 686 8.9
ZnO 5600 495 13
SiO2 2170 680 1.3
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= − − − −

− + ∇ ∇
→ →ρ δ C α τ G U T T U T T

E δ k T

( ) ( )
̇ . ( )

pv pv pv
dT

dt pv g cond pv ab pv ab cond g pv pv g

el pv pv pv

, ,
pv

(12)

where τg is the transmittance of glass and subscript pv refers to the PV
plate; →Ucond pv ab, is the total heat transfer coefficient between the PV and
absorber plate calculated similarly as of Eq. (11). Eėl is the rate of
generated electricity per unit area which depends on the PV plate
temperature based on the following relation [4]:

= − +
=

= +

E K βT K
K τ Gη r

K K β

̇

(1 298 )

el pv

g

1 2

1 0

2 1 (13)

where β, K1 and K2 are constant coefficients and η0 is the electrical ef-
ficiency at the reference temperature.

The PV energy equation is solved numerically like glass energy
equation.

For the absorber plate, it receives heat from the PV plate and
transferred to both the tube and insulation. Therefore, the energy
equation is written as:

= − − −

− − + ∇ ∇

→ →

→

ρ δ C U T T U T T

U T T δ k T

( ) ( )

( ) . ( )

ab ab ab
dT

dt cond pv ab pv ab
A
A cond ab t ab t

A
A cond ab in ab in ab ab ab

, ,

,

ab ab t

ab

ab in

ab

,

,
(14)

where Aab is the computational cell surface area of the absorber and
subscript ab refers to the absorber plate; →Ucond ab t, and →Ucond ab in, are the
absorber total heat transfer coefficient to the wall tube and the in-
sulation, respectively, calculated similarly as of Eq. (11). Aab t, and Aab in,
are contact area of computational cell with the tube, and the insulation
respectively.

The absorber energy equation (Eq. (14)) along with its boundary
conditions is solved numerically using the same procedure as explained
for the glass plate energy equation (Eq. (7)).

For the tube wall, the heat it receives from the absorber plate is
transferred to both the fluid and the insulation. Therefore, the energy
equation for the tube wall is written as:

= − + −

+ − +

→ →

→
∂
∂

ρ δ C Pdx A U T T A U T T

h Pdx T T k δ Pdx

( ) ( )

( )

t t t
dT
dt ab t cond ab t ab t in t cond t in in t

conv t f f t t t
T

x

, , , ,

,

t

t2
2 (15)

where subscript t refers to the tube wall; →Ucond t in, and →hconv t f, are the
total heat transfer coefficient between the insulation and tube wall
calculated similarly as of Eq. (11) and convection heat transfer coeffi-
cient to the fluid respectively. Ain t, is the interfacial area of the control
volume between the tube wall and the insulation. This control volume
is a ring around the tube with a lateral area of Pdx .

For the fluid, it receives heat from the tube wall. Therefore, the
energy equation is written as:

⎜ ⎟= − −
∂
∂

+ ∂
∂

⎛
⎝

∂
∂

⎞
⎠

→ρ A C dx
dT
dt

h Pdx T T mC dx
T
x x

k A
T
x

dx( ) ̇f f f
f

conv t f t f f
f

f f
f

,

(16)

where subscript f refers to the fluid and Af is the cross sectional area of
fluid.

The numerical procedure for solving the tube wall and fluid energy
equations (Eqs. (15) and (16)) is the same as that of the previous
equations (Eqs. 7, 12 and 14).

The calculation procedure of the convection heat transfer coefficient
between tube wall and the fluid is given later in this section.

Because of low thermal conductivity of insulation, it is assumed that
all contact area are insulation and do not have any conduction. So

→Ucond ab in, and →Ucond t in, are equal to zero.
Side walls of the glass, PV, and absorber plates have convection heat

transfer to the ambient. The PV and Glass plates receive radiation from
the Sun. The upper surface of the glass plate have convection to the

ambient. The boundary condition at the tube inlet is a known fluid
temperature (Ti). At the tube outlet, the gradient of fluid temperature is
assumed to be zero (Fig.2c). A fixed mass flow rate of the fluid is
considered for the entire experiments in this paper.

Convection heat transfer inside the tube. The convection heat transfer
between fluid and the tube wall is based on an analytical method as
given below. From the definition of the Nusselt number (Nu), we have:

=→h
Nu k

dconv f t
nf nf

t
, (17)

where subscript nf is the nanofluid, dt is the inner diameter of the tube
and Nu is the Nusselt Number defined as the ratio of convection to
conduction heat transfer in a fluid flow. Since the flow in all experi-
ments are laminar ( <Re 3000nf ) the Nusselt number in the circular tube
is calculated using [27]:

= +
+

( )
( )

Nu 4.36
0.086

1 Pr
nf

d
L

nf
d

L

Re Pr 1.33

Re 0.83

nf nf t

t

nf t

t (18)

where Lt refers to length of tube. Re and Pr are the Reynolds and
Prandtl numbers for the nanofluid calculated as [28]:

=
m

πd μ
Re

4 ̇
nf

nf

t nf (19)

=
μ C

k
Prnf

nf nf

nf (20)

where ṁnf is the fluid mass flow rate. The Reynolds number is a di-
mensionless number defined as the ratio of inertial forces to viscous
forces in a flowing fluid and the Prandtl Number is a dimensionless
number approximating the ratio of momentum diffusivity (kinematic
viscosity) to thermal diffusivity.

In this section in order to simulate the PVT system by FORTRAN,
energy equations are solved for the entire plates and the tube flow using
an implicit formulation and the TDMA numerical method. The plates
include: glass cover, PV plate and absorber plate. The tube wall and the
fluid flow inside the tube are also included in the simulations. The
thermo-physical properties for the fluid are assumed to be temperature
dependent.

3.4. Exergy and entropy generation

The first law of thermodynamics only indicates the conservation of
energy; it does not show the quality of the energy. The thermal and
electrical efficiencies based on this law are given as:

=
″
″η

E
E

̇
̇th
th

in (21)

=
″
″η

E
E

̇
̇el
el

in (22)

where ″Ei̇n, ″Eṫh and ″Eėl refer to energy rate of input, thermal and elec-
trical per unit area, respectively.

Exergy represents the maximum quantity of work that can be pro-
duced in some given environment. By considering the PV unit and the
thermal collector as a combined control volume and assuming a tran-
sient condition, the exergy balance can be expressed as:

″ = ″ + ″ + ″Ex Ex Ex Eẋ ̇ . ̇ . ̇ .in th el loss (23)

where ″Eẋ .in, ″Eẋ .th, ″Eẋ .el and ″Eẋ .loss refer to exergy rate of input,
thermal, electrical and losses per unit area, respectively. The exergy
efficiency of the PVT has two parts namely electrical and thermal ex-
ergy efficiencies defined as [2]:
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where ηII th, and ηII el, are thermal and electrical exergy efficiencies, re-
spectively. The thermal energy and exergy rates per unit area are cal-
culated using the following [16]:
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where To and Ti are the fluid outlet and inlet temperatures, respectively,
and A is the tube cross sectional area.

The total obtained electrical energy from a PVT system is considered
an available energy; therefore, the electrical exergy rate is equal to that
of the energy rate [2]:

″ = ″Ex Ė ̇el el (28)

The input energy per unit area from the sun is the amount of irradiation
absorbed by the PV cells calculated based on [2]:

″ =E α τ Gi̇n pv g (29)

The input exergy rate per unit area is also calculated from the following
[10]:
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(30)

whereTsun is the sun surface temperature (as a black body ≅T 5800Ksun )
[2].

The entropy generation of fluid flow in a circular tube is due to both
thermal and frictional losses. The thermal entropy generation per unit
volume is relevant to temperature gradient as [29]:
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The frictional entropy generation is related to the pressure drop which
is increased by increasing viscosity or flow velocity. The pressure drop
can be obtained as [30]:
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where hf , hm and K are the frictional head loss of the tube, the minor
loss (due to the pipe entrance, exit and bends), and the loss coefficient,
respectively. The frictional entropy generation is then calculated based
on the following [31]:
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By subtracting the exergy of the output from that of the input and using
Eq. (23), the total exergy loss of the system can be obtained. The rate of
total entropy generation of the system, is then calculated by dividing
the total exergy loss to the ambient temperature for the selected control
volume as [32]:

″ =S Ex
T

̇ .
̇ .

gen system
loss

amb
, (34)

3.5. Grid study

As mentioned earlier, a 2D model is used to simulate heat transfer in
the plates. According to Fig. 2, due to their small thicknesses, all plates
are assumed to have a thickness of one cell and are discretized in x and
y directions. For the tube and fluid flow, the heat transfer problem is
assumed to be radially lumped; as a result, the discretization is per-
formed only in the axial direction. The contact area between the tube
and the absorber plate is assumed to be one eighth of the total tube
lateral area.

Table 4 shows that the outlet temperature is almost same in all
considered grids; therefore, a grid size of ×101 86 is selected in the
present study.

4. Result and discussion

The results of this study are provided in three sections. First, the
numerical data are validated with those of the experiments for various
cases, after which the variation of mass fraction on the PVT perfor-
mance is studied while other conditions are kept constant. Next, the
thermo-physical properties of different nanofluids versus the mass
fraction are investigated. Based on Table 2, the nanofluid properties
depend on the mean temperature distribution; therefore, to determine
the properties in each mass fraction, the temperature distribution is
found numerically. Finally, having obtained the fluid properties, the
energy, exergy and entropy analyses at various mass fractions are
performed.

4.1. Validation

The numerical results are validated by a comparison of the tem-
perature of the PV plate and that of the liquid outlet with those of the
experiments. The comparison is performed for different
nanofluidsAl O2 3/water, TiO2/water and ZnO/water by 0.2 wt%, and
SiO2/water by 1 wt% and 3 wt%. The temperatures in the experiments
are measured each 30 min from 9:30 to 15:30 local time, in the outdoor
weather condition. Solar radiation rate (per unit area), fluid inlet and
the ambient temperatures, from the experiments, are used as the inputs
for the numerical model.

Fig. 3a and 3 b display the comparison of the fluid outlet tem-
peratures calculated from the model with those of the experiments for
various nanofluids. A good agreement is observed between the results
of simulations and measurements with average errors of 2.19%, 2.10%,
1.63%, 1.95% and 1.63% for nanofluids Al O2 3/water, ZnO/water and
TiO2/water by 0.2 wt%, and SiO2/water by 1 wt% and 3 wt% respec-
tively. The small discrepancies between the two results may be attrib-
uted due to the simplifying assumptions in the numerical model and the
uncertainties of measuring instruments in the experiments.

Fig. 4a and 4 b show the comparison of the surface temperature of
PV plate from experiments and numerical simulations during the day
for studied nanofluids in this paper. The comparison of simulations and
measurements shows average errors of 2.85%, 2.05%, 2.08%, 2.61%
and 2.99% for nanofluidsAl O2 3/water, ZnO/water and TiO2/water by
0.2 wt%, and SiO2 /water by 1 wt% and 3 wt%, respectively. The small
discrepancies between the two results for surface temperatures from

Table 4
The grid study.

Dimensions ×63 54 ×76 65 ×88 76 ×101 86 ×126 108
Outlet Temperature (K) 316.94 316.79 316.85 316.87 316.88
Computation Time (s) 98 121 192 242 489
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experiments and simulations may be attributed to the simplifying as-
sumptions in the numerical model and the uncertainties of measuring
instruments in the experiments.

In this section, the numerical results were validated with experi-
mental data of the PV surface and fluid outlet temperatures.

4.2. Thermo-physical properties

Adding nanoparticles changes thermo-physical properties of the
nanofluid which affect various efficiencies of the PVT system from both
energy and exergy viewpoints.

For a constant mass flow rate of the nanofluid, adding nanoparticles
increases its density and viscosity as displayed in Fig. 5.

From Fig. 5, a relatively large difference is observed between the
values of density and viscosity for SiO2/water nanofluid compared to
those of other nanofluids. The volume fraction of SiO2/water is greater
than that of other nanofluids in the same mass fraction which is due to

the low density of SiO2 nanoparticle in comparison with the density of
other nanoparticles. This may be considered to be main reason for the
high viscosity of SiO2/water nanofluid (see Eq. (5)).

The Reynolds number versus mass fraction for various nanofluids
are presented in Fig. 6. As observed, Reynolds number is decreased by
adding nanoparticles to the base-fluid due to an increase of viscosity
(Fig. 6 and Eq. (19)). Therefore, adding nanoparticles make the fluid
flow more laminar.

From Fig. 6, the Reynolds number for the SiO2/water nanofluid is
less than that of the other nanofluids. For the ZnO/water nanofluid by
increasing the mass fraction, a less increase of the viscosity is observed
compared to that of the other nanofluids (Fig. 5b).

Another important property of the nanofluid is the specific heat
capacity that can significantly affect the efficiency of the system. Fig. 7
displays the variation of specific heat versus mass fraction for different
nanofluids. As the specific heat of base-fluid (water) is much more than
that of the nanoparticles (around 4200 J/kg K for water compared to

Fig. 3. The numerical and experimental value of the fluid
outlet temperature during the day for all studied nanofluid
(a) Al2O3/water and ZnO/water by 0.2 wt% (b) TiO2/water
by 0.2 wt% and SiO2/water by 1 wt% and 3 wt%.
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values of less than 800 J/kg K for nanoparticles given in Table 3), in-
creasing the mass fraction of nanoparticles in the nanofluid will de-
crease its specific heat. Based on Fig. 7, for almost all nanofluids, the
variation of specific heat with mass fraction is similar which is due to
that, their specific heat values of their corresponding nanoparticles are
in same range compare to water.

The thermal conductivity is one of the important parameters of the
heat transfer coefficient of the working fluid.

Based on Fig. 8, it is seen that by increasing the nanofluid mass
fraction, Al O2 3/water has the most thermal conductivity and
SiO2/water has the lowest in the same mass fraction. For a specific mass
fraction, the nanoparticle density and thermal conductivity as well as
the nanofluid mean temperature can affect the thermal conductivity of
nanofluids. The highest thermal conductivity of Al O2 3/water nanofluid
can be the result of higher value of Al O2 3 thermal conductivity com-
pared to that of the other nanoparticles.

Fig. 9 displays the variation of the Prandtl number versus mass

fraction of various nanofluids.
It can be seen from the figure that, while for metallic nanofluids

such as: Al O2 3, ZnO, and TiO2/water by increasing the mass fraction of
the nanoparticles, the Prandtl number is decreased, for metalloid na-
nofluids such as SiO2/water, the Prandtl number remains nearly con-
stant. This can be attributed to the higher thermal diffusivity of metallic
nanofluids compared to the lower thermal diffusivity of SiO2/water
nanofluid (based on Figs. 8 and 5b and Eq. (20)).

This section showed the variation of thermo-physical properties and
Reynolds and Prandtl numbers by changing the mass fraction of dif-
ferent nanofluids. It is found that adding nanoparticle can improve the
thermo-physical properties of coolant fluid.

4.3. Heat transfer

The heat transfer coefficient between the coolant nanofluid and the
tube wall is investigated in this section.

Fig. 4. The numerical and experimental value of the surface
temperature during the day for all studied nanofluid (a)
Al2O3/water and ZnO/water by 0.2 wt% (b) TiO2/water by
0.2 wt% and SiO2/water by 1 wt% and 3 wt%.
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Adding nanoparticles increases the thermal conductivity and den-
sity of the nanofluid which are favorable parameters in the heat
transfer. While, the viscosity of the nanofluid is increased and the
specific heat capacity is decreased which are unfavorable parameters in
heat transfer coefficient. It is well known, however, that the most ef-
fective parameter on heat transfer coefficient is thermal conductivity
[33].

Based on Fig. 10, the metalloid nanofluid (SiO2/water) has the
lowest heat transfer coefficient in the same mass fraction, due to its
unfavorable parameter such as high viscosity and low thermal con-
ductivity of it compared to other studied nanofluids.

The Nusselt number is considered as a function of Reynolds and
Prandtl numbers. For a laminar flow with constant mass flow rate, in-
creasing the nanoparticles decreases the Reynolds and Prandtl numbers,
therefore, based on Eq. (18), it can be seen that by increasing the mass
fraction, the Nusselt is decreased (Fig. 11). By increasing the mass
fraction in different nanofluids, the thermal conductivity is increased,
which in turn, reduces the Nusslet number. In this study, it is found that
the Nusselt Number is not a good criterion for predicting the heat

transfer; instead the heat transfer coefficient should be used [31].
This section showed the effect of adding nanoparticle on heat

transfer coefficient and Nusselt number. It is observed that adding na-
noparticle can improve the heat transfer in PVT systems.

4.4. Thermodynamics analysis

To calculate the thermal and frictional entropy generations, the
temperature distribution in all plates and in the working fluid and the
pressure drop must be determined which can be easily obtained from
the numerical model.

As given in the mathematical model section, the fluid outlet tem-
perature has an important role on the thermal efficiencies based on the
1st and 2nd laws of thermodynamics.

The outlet temperature ratio vs. mass fraction for four different
nanofluids is presented in Fig. 12. As observed by increasing the mass
fraction of nanofluid, the outlet temperature is increased.

The first law of thermodynamics shows the energy balance of the
system. The numerical results based on this law show that by increasing

Fig. 5. a) density and b) viscosity of the studied water-
based nanofluids versus mass fraction.
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nanofluid mass fraction, thermal and electrical efficiencies are in-
creasing. According to Eqs. (13) and (22), the electrical efficiency is
directly related to the surface temperature. Adding nanoparticles in-
crease the electrical efficiency by reducing the surface temperature.
Increasing mass fraction of nanofluids in a PVT system does not change
the surface temperature considerably compared to that PVT system
with pure water. Therefore, increasing mass fraction has a negligible
effect on the electrical efficiency. According to Eqs. (21) and (26), the
thermal efficiency (in a constant mass flow rate) is affected by the
specific heat capacity and the fluid outlet temperature. The numerical
results show that there is 6.23%, 6.02%, 6.88% and 5.77% increase in
thermal efficiency of Al O2 3, TiO2, ZnO and SiO2/water nanofluids by
10 wt% compared those of the pure water. Furthermore, by comparing
Fig. 11 and Fig. 12, it is found that the trend of Nusselt number and
outlet temperature variations are completely opposite. Therefore, it
may be concluded that by increasing the Nusselt number, the outlet
temperature can be minimized.

The performance of the system cannot be evaluated based on the
energy analysis alone, because it does not consider the process direc-
tion, the energy quality and irreversibilities. Therefore, in order to in-
vestigate the performance of PVT systems, an exergy analysis is

necessary [34,35]. It should be noted that the exergy of PVT systems
can be determined from two viewpoints, net output exergy and entropy
generation [35,36].

In a PVT system, the heat is absorbed by the collector, therefore,
based on the 1st law of thermodynamic, it will increase the energy ef-
ficiency of system. Based on the 2nd law, all processes include irrever-
sibilities that must be considered as well. Therefore, the system analysis
should be performed using both the 1st and 2nd laws. Based on the
energetic viewpoint, the thermal efficiency is greater than that of the
electrical, while in the exergy viewpoint it is vice versa.

It is found in this research that the electrical exergy efficiency of the
PVT system remains nearly constant for various nanofluids (the en-
hancement of electrical exergy efficiency is 1.18%, 1.16%, 1.23% and
1.11% for Al O2 3, TiO2, ZnO and SiO2/water nanofluids by 10 wt%
compared to those of pure water, respectively). The thermal exergy
efficiency, however, is enhanced by increasing the mass fraction of
nanofluids as seen in Fig. 13, the enhancement of thermal exergy effi-
ciency is 10.11%, 10.08%, 10.39% and 9.94% for Al O2 3, TiO2, ZnO and
SiO2 /water nanofluids by 10 wt% compared to those of the pure water,
respectively. Based on Eq. (27), the specific heat capacity and fluid
outlet temperature can have an effect on the thermal exergy. In this

Fig. 6. Reynolds number of the studied water-based nano-
fluids versus mass fraction.

Fig. 7. Specific heat capacity of the studied water-based
nanofluids versus mass fraction.
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study, the outlet temperature of ZnO /water is found to be more than
that of the other nanofluids while the specific heat capacity remains
almost constant for all nanofluids at the same mass fraction. Thus, it can
be concluded that ZnO /water nanofluid has the maximum thermal
exergy efficiency (as seen in Fig. 13). It is found that the total exergy of
the PVT system for pure water, Al O ,2 3 TiO2, ZnO and SiO2 /water na-
nofluids by 10 wt% are 13.71%, 14.98%, 14.72%, 15.05%, 14.53%
respectively. It is found that ZnO /water has the highest total exergy
compared to other nanofluids.

In this section, the effect of adding nanoparticle on efficiencies
based on 1st and 2nd laws of thermodynamics were investigated. It is
showed that adding nanoparticle can improve the efficiencies in PVT
systems.

4.5. Cost analysis

Bhattarai et al. [37] compared photovoltaic and thermal solar water
based collector. They concluded that the cost pay back period of the
PVT system is lower than that of the PV module and higher than the
conventional solar thermal collector. Faizal et al. [38] found that by
using nanofluid as coolant in solar collector, large portion of copper and

glass used in the system can be eliminated based on the scaling of the
overall percentage weight of the collector. The capital cost of the col-
lector will then be offset by the cost of nanoparticles. The economic
aspects of using nanofluids in the PVT systems are rare and the cost can
vary by local energy cost and government subsidies [39].

The economic analysis performed in this study is based on following
assumptions:

• Electrical consumption of circulating pumps are considered;

• Cost of nanofluids is taken into account;

• Annual maintenance cost is assumed to be 2% of the initial cost;

• Annual interest rate of the initial cost and cumulative saving is as-
sumed to be 2%;

• Systems are assumed to continuous produce electricity (i.e., con-
nected to the grid).

The electricity cost charged to residental users is currently around
0.06 US $/kWh which is expected to be increased up to the finished cost
(around 0.29 US $/kWh) by March 2018 [39].

Agustin et al. [40] expressed an equation for the initial cost of the
electricity generation, by considering the generator, inverter,

Fig. 8. Thermal conductivity of the studied water-based
nanofluids versus mass fraction.

Fig. 9. Prandtl number of the studied water-based nano-
fluids versus mass fraction.
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installation and subsidy costs.

= + + −C C C C Ctotal gen inst inv sub (35)

where C indicates the item cost and subscripts gen, inst, inv and sub refer
to power generators (PV or PVT), installation, inverter and subsidy.

In this study, in addition to the above mentioned costs, the pump
and nanofluid costs (Cnano and Cpump) are also considered. Therefore, Eq.
(35) can be rewritten as:

= + + + + −C C C C C C Ctotal gen pump inv np ins sub (36)

Based on the economic analysis, payback period is calculated for the
system. The results of the paybackperiod calculations can be seen in
Fig. 14.

This section showed the economic aspects of using nanofluid in the
PVT systems. It is observed that adding nanoparticle can reduce the
long-term cost of energy in PVT systems.

4.6. Entropy generation

Maximizing the power output of a system, is similar to minimizing
the entropy generation. The entropy generation is a proper parameter

to show the system irreversibilities. In this research, the effect of dif-
ferent nanofluids mass fraction on three types of entropy generation is
studied.

First, the fluid thermal entropy generation is calculated locally to
show the thermal irreversibility of the coolant fluid (entropy generation
due to heat transfer). Second, the fluid frictional entropy generation
that shows the irreversibility of fluid due to friction (i.e., the pressure
drop), is investigated. Finally, the system total entropy generation is
calculated that shows the total irreversibilities of the system.

Based on Eq. (32), since the mass flow rate is constant, two main
parameters that affect the pressure drop are the velocity and viscosity of
the nanofluid.

Fig.15a shows the pressure drop ratio in the tube. According to this
figure, metallic nanofluids can decrease the pressure drop that has an
effect on pumping power which is favorable. Also, it is found that the
metalloid nanofluid (SiO2/water) can increase the pressure drop which
is undesirable.

For metallic nanofluids, increasing nanoparticle mass fraction re-
sults in an increase of the nanofluid density (Fig. 5a), which in turn, in a
constant mass flow rate reduces the velocity and also by increasing
mass fraction the fluid outlet temperature will increase which lead to a

Fig. 10. the heat transfer coefficient of Al2O3/water, TiO2/
water, ZnO/water and SiO2/water versus mass fraction.

Fig. 11. The Nusselt number of Al2O3/water, TiO2/water,
ZnO/water and SiO2/water versus mass fraction.
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Fig. 12. The fluid outlet temperature ratio of Al2O3/water,
TiO2/water, ZnO/water and SiO2/water to the pure water
versus mass fraction.

Fig. 13. The thermal exergetic efficiency ratio of Al2O3/
water, TiO2/water, ZnO/water and SiO2/water to the pure
water versus mass fraction.

Fig. 14. Payback period diagram of a 1 kW PVT system
from the energy viewpoint.
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decrease of the frictional entropy generation (see Fig. 15b and Eqs. (32)
and (33)). On the other hand, by increasing mass fraction, the viscosity
of nanofluid is increased that has a reverse effect on the frictional en-
tropy generation. However, based on Fig. 15b, by increasing mass
fraction metallic entropy generation will be reduce. It was found that
for ZnO/water nanofluid, the least frictional entropy was generated.

For metalloid nanofluid (SiO2/water in this study) at a same mass
fraction, the pressure drop and frictional entropy generation are more
than those of the other nanofluids considered in this paper (see Fig. 15).
This is because of higher viscosity and velocity of SiO2 /water compared
to other nanofluids.

The thermal entropy generation for the entire cases is presented in
Fig. 16. It can be seen that by increasing mass fraction, the thermal
entropy generation in all nanofluids will decrease. Al O2 3/water has the
best performance among other nanofluids due to its high heat transfer
coefficient as mentioned above. The thermal entropy generation for
Al O2 3/water is reduced by 6.24% at 10 wt% compared to that of pure
water.

The thermal entropy generation distribution in the collector is given

in Fig. 17. According to this figure, fluid thermal entropy generation is
increased at the entrance and at the tube turning points and also in the
last row close to the exit. This is because of a higher temperature dif-
ference between the tube connected to the absorber plate and the fluid
at those locations.

The total entropy generation is due to exergy loss of the total PVT
system. It is found that, by increasing the mass fraction of nanofluid, the
total system entropy generation will be reduced. Al O2 3/water has the
best and SiO2/water has the worst performance with respect to total
entropy generation among nanofluids considered in this study. It is
found that the change of the thermal entropy generation is higher than
that of the frictional entropy generation.

In this section, the effect of adding nanoparticle on the thermal and
frictional entropy generations were investigated. The results showed
that metallic nanofluids decreased the entropy generation more than
metalloid nanofluid in PVT systems.

Fig. 15. (a) Pressure Drop and (b) The frictional entropy
generation ratio of Al2O3/water, TiO2/water, ZnO/water
and SiO2/water to the pure water versus mass fraction.
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5. Conclusion

This study numerically investigates the effect of mass fraction of
various nanofluids on the entropy generation of a PVT system. The
effects of nanofluids on thermo-physical properties, energy and exergy
efficiencies were also examined. For the numerical part, Al O2 3, TiO2,
ZnO and SiO2 /water nanofluids with various mass fractions up to 10 wt
% in a constant mass flow rate were studied. Important findings of this
study are summarized as follows:

• By increasing the mass fraction of metallic nanofluids considered in
this study, frictional entropy generation was decreased. ZnO /water

had the lowest frictional entropy generation among considered na-
nofluids. This nanofluid with a mass fraction of 10 wt% reduced the
frictional entropy generation by 10.87% compared to that of pure
water.

• For the metalloid nanofluid, however, a reverse effect was obtained.
SiO2 /water showed the highest frictional entropy generation among
considered nanofluids. This nanofluid with a mass fraction of 10 wt
% increased the frictional entropy generation by 0.94% compared to
that of pure water.

• The effects of adding nanoparticles on the reduction of thermal
entropy generation were more pronounced compared to that of the
frictional entropy generation.

Fig. 16. The thermal entropy generation ratio of Al2O3/
water, TiO2/water, ZnO/water and SiO2/water to the pure
water versus mass fraction.

Fig. 17. The thermal entropy generation distribution in the
collector for Al2O3/water 0.2 wt%.
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• Al O2 3 /water had the lowest thermal entropy generation. This na-
nofluid with a mass fraction of 10 wt% reduced the thermal entropy
generation by 6.24% compared to that of pure water.

• Compared to other nanofluids, Al2O3/water generated the least
total entropy generation. The frictional entropy generation for this
nanofluid, however, was not desirable compared to other metallic
nanofluids studied in this paper.

• Adding metallic nanofluids can decrease the pressure drop that has
an effect on pumping power which is favorable. Also, it is found that
the metalloid nanofluid (SiO2/water) can increase the pressure drop
which is undesirable.

• For a constant mass flow rate, adding nanoparticle increased density
(the lowest for SiO2/water, highest for ZnO/water), viscosity (the
highest for SiO2/water, lowest for ZnO/water) and thermal con-
ductivity (the highest for Al O2 3/water, lowest for SiO2/water). The
specific heat capacity, however, was almost the same for all studied
nanofluids.

• In constant mass flow rate, adding nanoparticle decreased the
Reynolds number (the highest for ZnO/water, lowest for SiO2
/water) While adding metallic nanoparticles decreased the Prandtl
number, the metalloid nanofluid had negligible variation in the
Prandtl number.

• For a laminar flow with constant mass flow rate, by increasing the
mass fraction the Nusselt was decreased. The heat transfer coeffi-
cient of fluid, however, was increased (Al O2 3/water is highest and
SiO2 /water is lowest). Therefore, for prediction of the heat transfer
in nanofluids, the heat transfer coefficient should be used not the
Nusselt number.

• Adding nanoparticle improved the thermal exergy efficiency of the
system. ZnO/water had the highest and SiO2/water had the lowest
thermal exergy efficiency. These two nanofluids improved the
thermal exergy by 10.39% and 9.94% compared to that of pure
water, respectively.

• Increasing mass fraction had little improvements in electrical exergy
efficiency compared to that of the pure water (the enhancement of
electrical exergy efficiency is 1.18%, 1.16%, 1.23% and 1.11% for
Al O2 3, TiO2, ZnO and SiO2 /water nanofluids by 10 wt% compared
to those of pure water, respectively).ZnO/water has the highest total
exergy compared to other nanofluids.

In general, regardless of the economic aspect of nanofluid pre-
paration, using nanofluids can enhance the performance of a PVT based
nanofluid collector based on 1st and 2nd laws of thermodynamic. From
entropy generation view point, metallic nanofluids due to their thermo-
physical properties show a better performance compared to metalloid
nanofluid.
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