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a b s t r a c t

In this paper, an experimental investigation on the effects of using metal-oxides/water nanofluids as a
coolant system in a photovoltaic thermal system (PVT) from the energy and exergy viewpoints are
presented. The considered nanoparticles include Al2O3, TiO2 and ZnO dispersed in deionized water as the
base fluid by 0.2 wt%. A constant mass flow rate of 30 kg/h for the fluid flowing through the collector is
considered. The experiments are performed on selected days in August and September at the Ferdowsi
University of Mashhad, Mashhad, Iran. The uncertainty of the experiments is less than 5%. The measured
data are analyzed from the energy/exergy viewpoints and entropy generation. Based on the extensive
results presented in this paper, the PVT/ZnO and PVT/TiO2 systems show a better overall energy and
exergy efficiencies compared to other systems. The results indicate that the overall exergy efficiencies for
the cases of PVT/water, PVT/TiO2, PVT/Al2O3, and PVT/ZnO are enhanced by 12.34%, 15.93%, 18.27% and
15.45%, respectively, compared to that of the photovoltaic unit (PV) with no collector. Moreover, the PVT/
Al2O3 system has the highest enhancement of entropy generation compared to the PV unit.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the limitations of the fossil fuels resources and their
adverse effects on the environment such as global warming, ozone
layer depletion, and climate changes [1,2]; there is a growing
intention to find new methods to extract sustainable renewable
energy sources. The biggest source of the renewable energies,
available freely throughout the year, is the sun. A photovoltaic
thermal system (PVT) consists of a common photovoltaic unit (PV)
which transforms photons received by the sun into electrical en-
ergy, and a thermal collector which absorbs both remaining energy
of photons and the heat generated by photovoltaic cells. Simulta-
neous generation of electricity and useful thermal energy makes
these types of solar systems more efficient compared to a con-
ventional PV unit with no collector. Increasing the surface tem-
perature of the PV unit reduces the electrical efficiency of the PV
unit by nearly 0.45% for each degree rise in temperature [3,4].
Consequently, cooling the PV unit is an effective method for
rdarabadi).
improving the power output without damaging the PV unit [5].
Many factors can affect thermal and electrical efficiencies of PVT

systems. These factors are classified into two main categories,
external and internal. External factors such as solar irradiation in-
tensity and ambient temperature depend on climate conditions,
while internal factors such as thermal collector structure and
cooling fluid type depend upon the system design. In order to
evaluate the effect of external and internal factors on improving the
performance of PVT systems, energy and exergy analyses are
required. The performance of the system cannot be evaluated by an
energy analysis alone because it does not consider the direction of
process, the quality of energies, and internal irreversibilities [6].
Therefore, an exergy analysis is also necessary to investigate the
real performance of PVT systems [6]. It should be noted that the
exergy of PVT systems can be determined from two viewpoints, net
output exergy and exergy losses [6,7]. Numerous studies available
in the literature attempted to improve the efficiency of PVT systems
by changing the internal and external factors. Fujisawa and Tani [8]
evaluated the exergy efficiency of a PVT water system, experi-
mentally. They concluded that the PVT water system has more
output exergy compared to that of a PV unit or a flat plate solar
collector. Chow et al. [9] studied the effect of glass cover on energy



Nomenclature

A Area (m2)
Be Bejan number
Cf Conversion factor
CP Specific heat capacity (J kg�1 K�1)
_E Power (W)
_E
00

Power per unit area (W m�2)
_Ex Exergy rate (W)
_Ex

00
Exergy rate per unit area (W m�2)

_E
*
el The electrical power with regard to the pump

consumption (W)
FF Fill factor
_G Incident radiation rate (W)
_G
00

Incident radiation rate per unit area (W m�2)
h Enthalpy (J kg�1)
I Electrical current (A)
_m Mass flow rate (kg s�1)
P Pressure (Pa)
PV Photovoltaic unit
PVT Photovoltaic thermal system
R Arbitrary function
R _Eout;max A certain amount of required power (W)
r Packing factor
s Entropy (J kg�1 K�1)
T Temperature (K)
V Electrical voltage (V)
_Eout;1m2 Output electrical power from a unit area of the PV unit

(W)

Greeks
a Absorptivity
h Energy efficiency (%)

h*el The electrical efficiency with regard to the pump
consumption

ε Exergy efficiency (%)
d Uncertainty
r Density (kg m�3)
f Nanoparticles volume fraction in the base fluid
y Arbitrary parameter
t Glass cover transmissivity
j stream exergy per unit mass

Subscripts
amb Ambient
bf Base fluid
c Collector
cell Photovoltaic cell
eff Effective
el Electrical
f Fluid
fr Friction
g Glass cover
gen Generate
in Input
m ax Maximum
n Nanoparticle
oc Open circuit
out Outlet
ov Overall
p Pump
pv Photovoltaic unit
pvt Photovoltaic thermal system
Q Heat transfer
i Counter
sc Short circuit
t Time
th Thermal
tot Total
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and exergy of a thermosiphon-based water heating PVT system.
They found that the energy efficiency of the glazed system is more
than that of the system with no glass cover. For the exergy effi-
ciency, however, the unglazed system (with no glass cover) is found
to be more efficient. Mishra and Tiwari [10] presented energy and
exergy analyses for a water PVT system at a constant collection
temperature mode (a constant outlet temperature). They consid-
ered two different cases, a collector partially covered by a PV unit
and a collector fully covered. They concluded that the annual
overall exergy output is increased by 39.16% for the collector fully
covered by a PV unit.Wu et al. [11] presented several procedures for
evaluating heat and exergy losses of conventional PVT systems in a
review article. Yazdanpanahi et al. [6] investigated the exergy ef-
ficiency of a water PVT system both numerically and experimen-
tally. They reported an optimum value of the mass flow rate for
which the exergy efficiency is maximum. Hazami et al. [12]
analyzed the performance of a PVT system under Tunisian cli-
matic conditions for both passive and active modes. They found
maximum instantaneous thermal and electrical energy efficiencies
in active mode to be about 50 and 15%, respectively. They also re-
ported maximum thermal and electrical exergy efficiencies of 50
and 14.8%, respectively.

Generally, fluids have a lower thermal conductivity compared to
solid metals [13]. Therefore, dispersion of metal-oxide nano-
particles in a fluid increases its thermal conductivity and heat
transfer performance. In addition, the convective heat transfer co-
efficient of nanofluids is higher than that of conventional fluids.
Hence, one technique to improve the performance of PVT systems is
using nanofluids. The main problem of using nanofluids in these
systems is the limited time of their stability [14]. Moreover, the
pressure drop in nanofluids is increased due to nanoparticles. This
drawback, however, is usually ignored compared to their heat
transfer enhancement [15]. Several attempts have been made to
study the effect of nanofluids on the performance of solar systems.
Mahendran et al. [16] experimentally studied the performance of
an evacuated tube solar collector using water-based nanofluids.
They reported amaximum total efficiency of 73% for the PVT system
using a 0.3 wt% TiO2/water nanofluid. They also found that using
Al2O3/water nanofluid can increase the efficiency by 8% compared
to TiO2/water nanofluid. Said et al. [17] studied a flat plate solar
collector using TiO2/water nanofluid. The highest energy efficiency
they reported was 76.6% for the nanofluid with 0.1% volume frac-
tion and 0.5 kg/min flow rate. They also achieved a maximum
exergy efficiency of 16.9% for the same conditions. Al-Shamani et al.
[18] performed experimental studies on a rectangular tube
absorber photovoltaic thermal collector with various types of
nanofluids under tropical climate conditions. They reported a
thermal and electrical efficiency of 63.67% and 10.53%, respectively,
for a TiO2/water nanofluid with a flow rate of 0.068 kg/s. Elmir et al.
[19] numerically studied the performance of a PVT system using
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Al2O3/water nanofluid. They concluded that the heat transfer is
significantly improved in comparison with pure water. They also
investigated the effect of nanoparticles volume fraction for
different values of Reynolds number on the performance of the
system. Xu and Kleinstreuer [20] presented a numerical and
experimental study of nanofluid effect on a concentrating PVT
system (referred as CPVT) performance for different climatic con-
ditions. They compared the annual electrical output of the PV unit
with various working fluids, and found that the annual perfor-
mance of the CPVT nanofluid is higher than that of the conventional
system. Sardarabadi et al. [14] performed a numerical and experi-
mental study of various metal oxides/water nanofluids with 0.2 wt
%. They observed that TiO2/water and ZnO/water nanofluids have a
better electrical efficiency compared to Al2O3/water nanofluid.
They also found the highest thermal efficiency for the ZnO/water
nanofluid. Khanjari et al. [21] analyzed the performance of a PVT
system using Al2O3/water nanofluid, numerically. They evaluated
the effects of two operating parameters including the solar irradi-
ation and coolant inlet temperature. Using the Al2O3/water nano-
fluid improved the heat transfer coefficient and efficiency of the
system compared to water.

Based on the second law of thermodynamics, the minimization
of entropy generation in a system translates into the minimum
exergy losses of the system due to irreversibilities. Few studies on
entropy generation for PVT systems are available in the literature;
nevertheless, there exist many investigations that analyzed entropy
generation in other systems such as solar collectors. Leong et al.
[22] performed an entropy generation analysis of a nanofluid flow
in a circular duct subjected to a constant wall temperature. Their
study focused on Al2O3/water and TiO2/water nanofluids. They
observed that the total dimensionless entropy generation is
reduced with an increase of nanoparticle volume fractions. Also,
they found that a higher length and diameter of the collector tube,
and a lower mass flow rate of the nanofluid results in a less entropy
generation. Bianco et al. [23] proposed an entropy generation of a
turbulent convection flow of Al2O3/water nanofluid in a circular
tube subjected to a constant outer heat flux. Their analysis was
performed for a constant mass flow rate ranged from 0.3 to 0.5 kg/s
and a nanoparticle concentration ranged from 0% to 6%. Based on
their results, a simple way to reduce the entropy generation for a
constant Reynolds number is adding nanoparticles to the working
fluid. Mahian et al. [24] presented a detailed review of the entropy
generation in various nanofluids applications. Alim et al. [25]
analytically investigated the entropy generation and pressure
drop in a conventional flat plate solar collector using Al2O3/water,
CuO/water, SiO2/water, TiO2/water nanofluids with a volume frac-
tion of 1e4% for nanoparticles. The entropy generation was
decreased with increasing the nanoparticle volume fractions. Based
on their results, the CuO/water nanofluid could decrease the en-
tropy generation by 4.34% in comparisonwith purewater. Said et al.
[26] studied the effect of single wall carbon nanotubes (known as
SWCNTs) based nanofluids on the performance of a flat plate solar
collector. They observed that for the same base fluid, the SWCNTs
have the minimum entropy generation compared to Al2O3, TiO2
and SiO2 nanoparticles. Vijayalakshmi et al. [27] presented an
experimental study of entropy generation in a PVT water system.
They found the entropy generation to be minimum for a mass flow
rate of 0.008 kg/s.

In this paper, the effects of using three metal-oxides/water
nanofluids by 0.2 wt% on both thermal and electrical efficiencies
are experimentally investigated. The considered nanoparticles
include: Aluminum-oxide (Al2O3), Titanium-oxide (TiO2) and Zinc-
oxide (ZnO). The experiments are performed at a constant mass
flow rate. To investigate the reliability of the measurements, an
uncertainty analysis is performed for the experimental data which
shows an uncertainty of less than 5% for all the cases considered.
The main focus of this study is to investigate the actual perfor-
mance of a PVT system with a flat plate collector from the exergy
viewpoint. As mentioned earlier, few studies on entropy generation
for PVT systems are available in the literature. Thus, the effects of
using threemetal-oxides/water nanofluids on the exergy losses and
entropy generation of the PVT system are evaluated.

2. Experimental setup and nanofluid preparation

In this study, the experimental setup consists of two 40W
mono-crystalline silicon photovoltaic modules (Suntech Co.,
China). One module is equipped with a sheet-and-tube collector,
while the other has no collector. The PV unit is attached to the top
surface of a thin copper plate soldered on the back to a serpentine
copper tubing with a thermal insulation layer beneath. The design
of the absorber collector is shown in Fig. 1-a. Properties and design
parameters of the PVT system are provided in Table 1. The two
considered systems are tested under identical conditions. They are
tilted toward the south with a constant tilt angle of 30�. The
schematic diagram and a view of the experimental setup are
shown in Fig. 1bec. The working fluid is stored in a tank (2.5 Lit
capacity) connected to a pump (AC - 220 V - 13 W) in order to
circulate the fluid around the panel with a steady constant mass
flow rate of 30 kg/h. To have a closed flow circuit for the working
fluid, a shell-and-tube heat exchanger with a counter flow design
is used to cool the working fluid after being heated in the PVT
collector. Additionally, the second fluid used in the heat exchanger
is the running city water with a 40 kg/h mass flow rate. It has been
shown elsewhere [28] that these flow rates result in the highest
system efficiency. A rotary flow meter (LZB10-20 to 60 Lit/h) is
used to measure and fix the flow rate at a constant value. Pressure
at the inlet and outlet of the collector are measured by a pressure
transmitter (Atek-100 mbar). Moreover, flow temperatures at the
inlet and outlet of the collector, and PV surface temperature are
measured and saved by K-types sensors with a data logger (Testo-
177-T4, UK). Two digital multimeters (UT 71C/D/E) are used to
measure short-circuit currents and open-circuit voltages. The total
incident radiation is measured by a solar power meter (TES-1333,
Taiwan) mounted parallel to the photovoltaic surfaces. The
working fluids considered in the experiments are pure water,
Al2O3/water, TiO2/water and ZnO/water nanofluids. Transmission
electron microscope (TEM) images of the Al2O3, TiO2 and ZnO
nanoparticles are shown in Fig. 2, a-c, indicating that the nano-
fluids consist of spherical particles with a diameter size and
properties reported in Table 2. All nanoparticles are dispersed in
deionized water with 0.2 wt% by a high-speed stirrer and a proper
surfactant. Surfactants for the Al2O3, TiO2 and ZnO, were: Nitric
acid [29], Acetic acid [30,31], and Ammonium citrate [32,33],
respectively. The mixture is then stabilized under a continuous
sonication using an ultrasound vibrator (Wisd DH.WUC.D10H,
Korea) at a set constant temperature of 60 �C. The ultrasonic
process time is divided into six-time periods of 20 min. To
examine the nanofluids stability, the density of the nanofluid at
various locations and times during the course of the experiment is
measured. For the duration of each experiment (6 h), no signifi-
cant changes in the density and sedimentation were observed. To
have more reliable results and a less uncertainty, the daily
measured data was collected from 9:30 a.m. to 3:30 p.m. on
selected days in August and September at the Ferdowsi University
of Mashhad, Mashhad, Iran (Latitude: 36� and Longitude:
59�).Sudden changes in weather conditions during a day, espe-
cially the solar irradiation due to clouds and ambient temperature
can affect the result of the PVT system. Hence, the experiments for
all working fluids are performed on several days with a similar



Fig. 1. (a) A view of the collector design, (b) A view and (c) schematic diagram of the experimental setup.
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weather conditions. Subsequently, the measured data are averaged
before being applied in the calculations. The performance of a PVT
system depends on solar irradiation. Based on the location
(Mashhad, Iran) and the weather conditions, the optimum solar
irradiation for the thermal collector operation is selected from
9:30 a.m. to 3:30 p.m. (six hours for each day). It should be noted
that although a PVT system can be used in other times during the
day, the pumping power required to circulate the working fluid



Table 1
Properties and design parameters of PVT system.

Photovoltaic solar cell (Under standard test conditions)

Type Mono-crystalline silicon
Maximum power (W) 40
Cell dimension (mm) 62.5�125
Number of cells 36
Fill factor 0.726
Open circuit voltage (V) 21.6
Short-circuit current (A) 2.57
Optimum power voltage (V) 17.6
Optimum operating current (A) 2.29
Cell efficiency ( QUOTE %) 16
Module efficiency ( QUOTE %) QUOTE 15
Tempered glass thickness (mm) 3

Flat plate collector

Type Sheet-and-tube
Tube material Copper
effective area of each collector (m2) 0.3
Sheet thickness (mm) 0.4
Inner diameter of pipes (mm) 10
External diameter of pipes (mm) 12
Insulation Thickness (mm) 30
Packing factor 1
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will not be compensated by the output of the PVT system; i.e., the
net power output of the system will be negligible.
Fig. 2. TEM of the (a) ZnO, (b) Al2O3 and (c) TiO2 nanoparticle
3. Thermodynamic analysis

The second law analysis is required to determine the perfor-
mance of the PVT systems because it is more realistic and it con-
siders the quality of energies as well [6].

3.1. Energy analysis

The energy flow diagram of a PVT system is schematically dis-
played in Fig. 3. Based on this figure, considering the PV unit and
the thermal collector as a united control volume and assuming a
steady state condition, the energy balance for this control volume,
can be expressed as [28]:

P _Ein ¼P _Eout þ
P _Eloss

0 _Esun þ _Emass;in ¼ _Eel þ _Emass;out þ _Eloss
(1)

where, _Ein, _Eout and _Eloss refer to energy rate related to the input,

output and losses, respectively. In this equation, E
:

sun is equal to the

effective incident solar radiation, G
:

eff , to the PVT system that can be
expressed as:

_Esun ¼ _Geff ¼ tg$acell$
_G (2)
s (central laboratory of Ferdowsi University of Mashhad).



Table 2
Nanoparticles proprieties.

Nanoparticle Particle
size (nm)

Density
(kg m�3)

Heat capacity
(J kg�1 K�1)

Thermal conductivity
(W m�1 K�1)

Al2O3 10e30 3970 765 40
TiO2 20e60 4250 686 8.9
ZnO 35e45 5600 495 13
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where, tg is the glass cover transmissivity, acell the cell absorptivity

and G
:

is the rate of the total incident radiation. In Eq. (1), energy in
connection with the mass flow rate can be calculated as follows:

E
:

mass;out � E
:

mass;in ¼ m
:

f $Cp;f $
�
Tf ;out � Tf ;in

�
(3)

where, m
:

f , Cp;f , Tf ;in and Tf ;out are the mass flow rate through the
collector, specific heat capacity and the inlet and outlet tempera-
tures of the working fluid, respectively. It is obvious that Eq. (3)
indicates the useful thermal energy rate of the system absorbed
by the working fluid. If a nanofluid is used as the working fluid,
thermo-physical properties of the prepared nanofluid can be
calculated using the base fluid and nanoparticles characteristics at
the bulk temperature, using following equations [34]:

Cp;nf ¼
f$
�
rn$Cp;n

�þ ð1� fÞ$
�
rbf Cp;bf

�
rnf

(4)

rnf ¼ f$rn þ ð1� fÞ$rbf (5)

where, r is the density and subscripts n, bf and nf represent
nanoparticles, base fluid and nanofluid, respectively. f , is the
volumetric ratio of nanoparticles in the base fluid that can be
calculated by following expression [35]:

f ¼ mn=rn

mn=rn þmf

.
rf

(6)

where, mn and mf are the mass of the nanoparticles and the base

fluid, respectively. E
:

el, is the output electrical power of the PV unit
which can be calculated based on following equation:

E
:

el ¼ Voc � Isc � FF (7)
Fig. 3. Energy flow diagram of a PVT system.
where, Voc and Isc are the open circuit voltage and short circuit
current of the PV unit, respectively. FF (fill factor) is defined as the
maximum power conversion efficiency of the PV unit that can be
evaluated based on the ratio of the maximum power gained from
the photovoltaic module to the open circuit voltage multiplied by
the short circuit current at the standard test condition of the PV
unit [36]:

FF ¼
_Eel;max

Voc � Isc
¼ Vmax � Imax

Voc � Isc
(8)

In this equation, Voc and Isc are the open circuit voltage and short
circuit current that have constant values. They are given at the
standard test condition by the manufacturer. The overall efficiency
of a PVT system, hov, is equal to the ratio of the output power to the
sun power during a selected time period. Thus, the overall effi-
ciency can be written as a function of thermal and electrical effi-
ciencies (hth and hel) [9]:

hovy
E
:

th þ E
:

el

E
:

sun

0hpvt ¼

Z t2

t1

 
AcE

00
:

th þ A

:

pvE
00
:

el

!
dt

Ac

Z t2

t1

�
G

00
:

eff

�
dt

¼ hth þ r$hel

(9)

where, Ac and Apv are the collector and PV unit areas, respectively
and r is the packing factor defined as PV unit area to the collector

area (Apv=Ac). E
00
:

th is the rate of the output thermal power per unit

area of the collector, E
00
:

el the rate of the output electrical power per

unit area of the PV unit and G
00
:

eff is the rate of incident radiation per
unit area of the collector.

In Eq. (9), the electrical and thermal efficiencies can be
expressed as:

hel ¼
_Eel
_Esun

¼ Voc � Isc � FF

G
:

eff

(10)

hth ¼ E
:

th
_Esun

¼
m
:

f $Cp;f $
�
Tf ;out � Tf ;in

�
G
:

eff

(11)

In order to analyze the PVT system based on the thermal power,
the output electrical power must be converted into thermal power
for which a conversion factor Cf has been used in the literature
[37,38]. The electrical and overall equivalent PVT powers can be
calculated as:

_Eel;th ¼
_Eel
Cf

(12)

_Eov;th ¼ _Eth þ _Eel;th (13)

In the most PVT systems, a value of Cf has been considered
between 0.35 and 0.40 [38]. Therefore, in the present study, it is
considered to be 0.38 [28]. Thus, the electrical and overall equiva-
lent PVT efficiencies can be modified as the following:

hel;th ¼ hel
Cf

(14)

hov;th ¼ hth þ r$hel;th (15)
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Considering the electrical power required for fluid pumping, we
have:

_E
*
el ¼ _Eel � _Ep (16)

where _Eel is the output electrical power of the PVT system deter-
mined using Eq. (7) and _Ep is the electrical power required for
pumping calculated as [6]:

_Ep ¼ _mDP
rnf hp

(17)

where DP and hp are pressure drop in the PVT collector and pump
efficiency, respectively. The electrical efficiency of the PVT system,
therefore, is obtained as follows [6]:

h*el ¼
_Eel � _EP
_Geff

(18)

3.2. Exergy analysis and entropy generation

The exergy analysis is performed similar to the energy analysis.
Fig. 4 shows the exergy flow diagram of a PVT system. Considering
the PV unit and the thermal collector as a single control volume and
assuming a steady state condition, the exergy balance can be
expressed as follows:

P
Ex
:

in ¼
X

Ex
:

out þ
X

Ex
:

loss

0Ex
:

sun þ Ex
:

mass;in ¼ Ex
:

el þ Ex
:

mass;out þ Ex
:

loss

(19)

where, Ex
:

in, Ex
:

out and Ex
:

loss refer to exergy rate of input, output
and losses, respectively. Incident solar radiation to the system is

used to calculate the rate of the sun exergy, Ex
:

sun [2]:

E
:

xsun ¼ G
:
�
1� Tamb

Tsun

�
(20)

where, Tamb and Tsun are the temperature of the ambient and the
sun (as a black body Tsuny5800K), respectively. The exergy of the
mass flow rate can be defined as [2,26]:

Ex
:

mass;out � Ex
:

mass;in ¼ m
:

f ðjout � jinÞ (21)

where:
Fig. 4. Exergy flow diagram of a PVT system.
jout ¼ ðhout � hambÞ � Tambðsout � sambÞ (22)

jin ¼ ðhin � hambÞ � Tambðsin � sambÞ (23)

where, h and s are the enthalpy and entropy values. Because the
electrical energy is a useful availablework, the exergy of the PV unit
is equal to the electrical power [9]:

Ex
:

el ¼ E
:

el (24)

By substituting Eqs. (20)e(23) into Eq. (19), we have:

�
1� Tamb

Tsun

�
G
:

� _Eel �m
:

f ½ðhout � hinÞ � Tambðsout � sinÞ� ¼ Ex
:

loss

(25)

In this equation, the entropy and enthalpy changes of the fluid
flow can be defined as [2]:

Dh ¼ hout � hin ¼ Cp;f
�
Tf ;out � Tf ;in

�
(26)

Ds ¼ sout � sin ¼ Cp;f ln

 
Tf ;out
Tf ;in

!
(27)

It should be noted that E
:

loss and Ex
:

loss in Eq. (1) and Eq. (19) are
only due to heat transfer losses. Therefore, these two terms in the

rest of the formulations will be indicated with E
:

loss;Q and Ex
:

loss;Q ,
respectively. There is another exergy loss in the PVT system due to
fluid friction in the collector which can be defined as the following
[39]:

Ex
:

loss;fr ¼
_mfDP
rf

Tamb$ln
�
Tf ;out
Tf ;in

�
�
Tf ;out � Tf ;in

� (28)

where, DP is the pressure drop in the collector. The rate of total
entropy generation of the selected control volume can be obtained
as [26]:

S
:

gen;tot ¼
Ex
:

loss;tot

Tamb
¼ Ex

:

loss;Q þ Ex
:

loss;fr

Tamb
¼ Ex

:

loss;Q

Tamb
þ Ex

:

loss;fr

Tamb

¼ S
:

gen;Q þ S
:

gen;fr

(29)

where, S
:

gen;tot , S
:

gen;Q and S
:

gen;fr refer to the rate of total entropy
generation, entropy generation due to heat transfer, and entropy
generation due to fluid friction, respectively. In order to compare
the contribution of heat transfer and fluid friction in the total en-
tropy generation, the Bejan number is expressed as the following
[39]:

Be ¼ S
:

gen;Q

S
:

gen;tot

(30)

Similar to Eq. (9), the overall exergy efficiency of the PVT system
can be written as a function of thermal and electrical exergy effi-
ciencies [9]:
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εovy
Ex
:

th þ Ex
:

el

Ex
:

sun

0εov ¼

Z t2

t1

 
AcEx

00
:

th þ A

:

pvEx
00

:

el

!
dt

Ac

Z t2

t1

�
Ex

00
:

sun

�
dt

¼ εth þ rεel (31)

where, Ex
00

:

th is the rate of the output thermal exergy per unit area

of the collector, Ex
00

:

el is the rate of the output electrical exergy per

unit area of the PV unit and Ex
00

:

sun is the rate of the sun exergy per
unit area of the collector.

In Eq. (31), the electrical and thermal exergy efficiencies can be
expressed as:

εel ¼
Ex
:

el

Ex
:

sun

¼ E
:

el

G
: �

1� Tamb
Tsun

� ¼ Voc � Isc � FF

G
: �

1� Tamb
Tsun

� (32)

εth ¼ Ex
:

th

Ex
:

sun

¼
m
:

f ,Cp;f
h�

Tf ;out � Tf ;in
�
� Tambln

�
Tf ;out
Tf ;in

�i
G
: �

1� Tamb
Tsun

� (33)
Fig. 5. Average daily variation of the total incident radiation and ambient temperature
during the test period.
4. Uncertainty analysis

In order to determine the reliability of the experiments, an
uncertainly analysis is performed for the measured parameters and
electrical efficiency [28]. The uncertainties associated with the
measuring instruments of the experimental setup are reported in
Table 3. If R is a function of ‘n’ independent linear parameters as
R ¼ Rðn1; n2; :::; nnÞ, the uncertainty of function R is defined as:

dR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vR
vn1

dn1

�2

þ
�
vR
vn2

dn2

�2

þ :::þ
�
vR
vnn

dnn

�2
s

(34)

where dR is the uncertainty of function R, dni the uncertainty of
parameter ni, and vR

vni
is the partial derivative of R with respect to

parameter ni. The uncertainty of the experiments was found to be
less than 5% for all cases in this paper. More details regarding the
uncertainty analysis can be seen elsewhere [28].
Fig. 6. Average temperature difference between PVT systems and PV unit for various
nanofluids.
5. Results and discussion

The average daily summaries of the measured weather data
during the experiments are presented in Fig. 5. According to this
figure, the average ambient temperature and incident irradiation
are 33.42 �C and 917 W/m2, respectively. The maximum incident
irradiation occurs at 1:00 p.m. which is equal to 1059 W/m2.
Table 3
Measuring equipments and their uncertainties.

Equipment and model Measurement section

Digital multimeter (UT 71C/D/E) Voltage (Open circuit and load)
Digital multimeter (UT 71C/D/E) Ampere (short circuit and load)
Pyranometer (TES-1333) Incident solar radiation

K-types thermocouple Fluid and PV surface temperature
Hg thermometer Ambient temperature
Rotameter (LZB10) Mass flow rate
Pressure transmitter (Atek - 100 mbar) Fluid pressure
5.1. Energy analysis

As mentioned before, in order to improve the performance of a
PV unit, i.e., to increase its electrical output, the system can be
equipped with a collector (PVT) through which a working fluid
circulates to cool down the photovoltaic cells. The average cell
temperature difference between the PVT system and PV unit for
various nanofluids is represented in Fig. 6. It should be noted that in
this figure, delta T is the temperature difference between the sur-
face temperature of the PVT system and that of the PV unit. This
figure shows that adding nanoparticles to pure water decreases the
surface temperature. In addition, the results reveal that in all cases,
the PVT/ZnO system has the lowest surface temperature compared
to other cases. The higher enhancement of the coolant thermal
conductivity and the convective heat transfer for nanofluids
compared to those of the base fluid has been correlated to several
Accuracy Maximum uncertainty (in experiments)

±ð0:5%þ 1Þ 0:06 V
±ð0:8%þ 1Þ 0:02 A

±10 W=m2

þ0:38 W=m2ðfor Tref þ 1 �CÞ
5:8 W=m2

±0:25 �C 0:14 �C
±0:5 �C 0:3 �C
±2 kg=h 1:15 kg=h
±0:5% for 25 �C 0:22 mbar



Fig. 7. Electrical power of PV unit and ZnO nanofluid during the daily experiment.
Fig. 9. Electrical energy efficiency of the system during the daily experiment.
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mechanisms such as nanoparticle migration, nanoparticle clus-
tering, and Brownian motion of nano particles [40e43]. In a nu-
merical study performed by Sardarabadi et al. [14], they also
observed the lowest surface temperature for the PVT/ZnO system
compared to other cases they considered.

Fig. 7 displays the electrical power calculated using Eq. (7) for
both the PVT/ZnO system and PV unit during the daily experiments.
As demonstrated in the figure, using a nanofluid enhances the
electrical power since the surface temperature is lowered
compared to that of the PV unit. This is due to the enhancement of
the coolant thermal conductivity and the convective heat transfer
between the coolant and the collector. Furthermore, the average
electrical power using the ZnO/water nanofluid is 95.19 W/m2

indicating that the electrical power is increased by nearly 6.73%
compared to that of the PV unit. It is also observed in the figure that
due to a maximum irradiation, the electrical power is maximized at
1:00 p.m.

Fig. 8 illustrates the variation of the thermal and electrical
powers by using Eq. (3) and Eq. (7), respectively, during the daily
experiment (9:00 a.m. to 3:30 p.m.) for different cases (i.e., PVT/
water, PVT/ZnO, PVT/Al2O3, PVT/TiO2 and PV systems). According to
the figure, using nanofluids in the PVT system enhances the ther-
mal power by 31.01%, 34.31%, and 8.12% for the cases of PVT/TiO2,
PVT/ZnO, and PVT/Al2O3 systems, respectively, compared to that of
the PVT/water system. Particle migration, nanoparticle clustering,
viscosity gradient and Brownian motion are several mechanism
identified in the literature as the probable reasons for the thermal
power enhancement of the PVT system [40e43]. This figure also
shows that the electrical power compared to that of the PV unit
system is increased by 5.33%, 6.99%, 6.73%, and 5.50% for the cases
of PVT/water, PVT/TiO2, PVT/ZnO, and PVT/Al2O3, respectively.
Fig. 8. Average thermal and electrical power during the daily experiment.
According to these results, the highest electrical power enhance-
ment is observed for PVT/TiO2 system, and the PVT/ZnO system
exhibits the highest thermal power enhancement. Although amore
reduction is observed for the average cells surface temperature for
the ZnO/water nanofluid, the average electrical power of the TiO2/
Water is higher. This is due to a more uniform distribution in the
cells surface temperature reduction for the TiO2/water nanofluid
compared to that of the ZnO/water.

The variation of the electrical efficiency using Eq. (10) is shown
in Fig. 9 for the casewith the ZnO/water nanofluid. As seen from the
figure, using the nanofluid enhances the electrical efficiency since
the surface temperature is lowered compared to that of the PV unit.
The average electrical efficiency for the case of the PVT/ZnO is
13.59%, whereas, this amount for the PV unit is almost 12.73%. This
means that by using the ZnO/water nanofluid, about 6.75%
improvement in the electrical efficiency is observed. Moreover, by
getting closer to the solar noon, the increasing rate of the electrical
energy is much lower than that of the solar radiation due to a high
temperature of the solar cells and their low performance. There-
fore, the minimum electrical efficiency of the system is obtained at
the solar noon.

In Fig. 10, the average electrical and thermal efficiencies using
Eq. (10) and Eq. (11)are displayed during the daily experiments for
different cases. As shown in the figure, the daily thermal and
electrical efficiencies for pure water are found to be 34.12% and
13.41%, respectively. These values can be compared with the mea-
surements performed by Chow et al. [9] where the average
instantaneous thermal and electrical energy efficiencies during the
daily experiment were reported to be 41% and 13.6%, respectively.
In the experiment performed by Chow et al. [9], the working fluid
Fig. 10. Average of electrical and thermal energy efficiency of the system for different
cases.



Table 5
Investigation of the effect of required power for pumping on electrical power and
electrical efficiency of the PVT system.

System type PVT/Water PVT/TiO2 PVT/ZnO PVT/Al2O3

_Eel 31.959 32.460 32.382 32.008

_E
*
el

31.948 32.449 32.372 31.998

hel ð%Þ 13.412 13.625 13.588 13.439
h*el ð%Þ 13.408 13.620 13.584 13.434
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was pure water and the cooling system, similar to the present
study, was a sheet-and-tube collector attached to the PV unit.
Moreover, the results of the present study are in good agreement
with those of Gang et al. [44] who reported a range of 25e75% and
4e13% for the thermal and electrical efficiencies of a water based
PVT system, respectively. The amount of relative increase of ther-
mal efficiency compared to that of the PVT/water for the cases of
the PVT/TiO2, PVT/ZnO, and PVT/Al2O3 are 29.95%, 34.96 and 7.44%,
respectively. In addition, the average daily electrical efficiencies for
the same three systems is increased by 7.06%, 6.75%, and 5.57%,
respectively. Using a nanofluid as the working fluid results in a
further decrease of the surface temperature compared to that of the
PVT/water and PV unit (see Fig. 6); thus, the electrical efficiency is
found to be higher when a nanofluid is used. Fig. 10 also indicates
that the PVT/TiO2 and PVT/ZnO systems have a better performance
compared to other systems with an overall energy efficiencies (sum
of electrical and thermal energy efficiencies) of 57.97% and 59.64%,
respectively.

For a better comparison between various cases explained, the
average electrical equivalent power and energy efficiency based on
Eq. (13) and Eq. (15) during the daily experiments are summarized
in Table 4. As shown in the table, cooling the PV unit increases both
the electrical equivalent power and the electrical equivalent energy
efficiency of these systems. The electrical equivalent power is
increased by 5.34%, 6.99%, 6.73%, and 5.50% for the cases of PVT/
water, PVT/TiO2, PVT/ZnO, and PVT/Al2O3, respectively, in com-
parisonwith that of the PV unit. Moreover, the electrical equivalent
energy efficiency compared to that of the PV unit is increased by
5.40%, 7.07%, 6.77%, and 5.61% for the cases of PVT/water, PVT/TiO2,
PVT/ZnO, and PVT/Al2O3, respectively. Consequently, the electrical
equivalent power and energy efficiency for the PVT/TiO2 system is
higher.

Table 5 shows the effect of required power for fluid pumping
through the collector on electrical power and electrical efficiency of
the PVT system. As observed, the effect of pumping power on
output electrical power and electrical efficiency for all cases is less
than 1%. As a result, the energy required for fluid pumping through
the PVT system has been neglected in the present study.
Fig. 11. The daily variation of the sun exergy.
5.2. Exergy analysis

As it was mentioned earlier, the second law of thermodynamics
determines the actual performance of the systems. Hence, in this
section, by using the second law of thermodynamics, the exergy
analysis results are presented. According to Eq. (20), the daily
variation of the sun exergy during the experimental period is
shown in Fig. 11. According to this figure, the minimum, maximum
and average sun exergies are calculated to be 595, 1002 and 868W/
m2, respectively.

In order to evaluate the quality of the electrical and thermal
energies, the electrical and thermal exergies of the PVT systemwith
four working fluids (pure water and TiO2/water, ZnO/water, Al2O3/
water nanofluids) are presented in Fig. 12aed. It should be noted
that in this case, the thermal exergy is calculated using Eq. (21). As
shown in the figure, the thermal exergy of the PVT system is much
lower than its electrical exergy. Consequently, the electrical energy
has a higher quality compared to the thermal energy. In addition,
Table 4
Average daily of overall equivalent power and overall equivalent energy efficiency of the

System type PV P

Average electrical equivalent power ðw=m2Þ 234.68 2
Average electrical equivalent energy efficiency (%) 33.49 3
the maximum electrical and thermal exergies are achieved at the
solar noon due to increasing the solar irradiation. It is concluded
that cooling the PV unit by using nanofluids is an efficient mech-
anism to improve the electrical exergy of the system. The average
increase in the electrical exergy of the PVT system compared to that
of the PV unit is 5.34%, 7%, 6.74% and 5.51% for pure water, TiO2/
water, ZnO/water and Al2O3/water, respectively. Although a more
reduction is observed for the average cells surface temperature for
the ZnO/water nanofluid, the average electrical exergy of the TiO2/
Water is higher. This is due to a more uniform distribution in the
cells surface temperature reduction for the TiO2/water nanofluid
compared to that of the ZnO/water.

The average daily thermal exergy of the PVT systems with pure
water, TiO2/water, ZnO/water and Al2O3/water are compared in
Fig. 13. This figure shows that adding metal-oxides nanoparticles to
pure water increases the thermal exergy of the PVT system. This is
due to the enhancement of the coolant thermal conductivity and
the convective heat transfer between the coolant and the collector.
Furthermore, the figure reveals that among all cases of nanofluids,
the ZnO/water nanofluid has the best thermal performance. On the
other hand, the TiO2/water is the worst from the exergy viewpoint.

In order to evaluate the daily electrical exergy efficiency varia-
tion of the PVT system, the corresponding value for the PVT/ZnO
system, as an example, is presented in Fig. 14. According to the
figure, adding a flat plate collector to the PV unit improves its
electrical exergy efficiency. By getting closer to the solar noon, the
increasing rate of the electrical exergy is much lower than that of
the solar radiation due to a high temperature of the solar cells and
their low performance. Therefore, the minimum electrical effi-
ciency of the system is obtained at the solar noon. It should be
noted that the minimum exergy efficiency of the PV unit and PVT/
systems.

VT/Water PVT/TiO2 PVT/ZnO PVT/Al2O3

47.22 251.09 250.49 247.6
5.3 35.86 35.76 35.37



Fig. 12. The daily electrical and thermal exergies variation of the (a) PV and PVT/Water, (b) PV and PVT/TiO2, (c) PV and PVT/ZnO and (d) PV and PVT/Al2O3 systems.

Fig. 13. Average daily thermal exergy of the PVT system.

Fig. 14. Daily electrical exergy efficiency variation of the PVT/ZnO system.
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ZnO system are about 10.09% and 10.77%, respectively.
In this study, the effect of working fluid on electrical and ther-

mal exergy efficiencies of the PVT system is investigated in Fig. 15.
This figure presents that the thermal exergy efficiency of the PVT
system is extremely low due to low quality of the thermal energy.
Using nanofluids in the PVT system enhances the performance of
the system compared to the base fluid (pure water). This is due to
the enhancement of the coolant thermal conductivity and the
convective heat transfer between the coolant and the collector. The
relative increase of the thermal exergy efficiency of nanofluids
compared to that of pure water is 0.19%, 0.46% and 0.29% for TiO2/
water, ZnO/water and Al2O3/water, respectively. As seen in the
figure, the overall exergy efficiencies for the cases of PVT/water,
PVT/TiO2, PVT/Al2O3, and PVT/ZnO are enhanced by 12.34%, 15.93%,



Fig. 15. Average daily thermal and electrical exergy efficiencies of the PV unit and PVT
system.

Fig. 17. Daily entropy generation variation of the PVT/ZnO system due to heat transfer.
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18.27% and 15.45%, respectively, compared to those of the PV unit
with no collector.

Calculating the entropy generation in each thermodynamic
system can determine the amount of system losses and irrevers-
ibilities. Therefore, assessing the exergy loss and entropy genera-
tion in the PVT system is important. In the present study, as an
example, a daily exergy loss of the PVT system due to heat transfer
for the case of ZnO/water nanofluid using Eq. (25) is presented in
Fig. 16. Based on the figure, the exergy loss in the PV unit and PVT
system is high due to low overall exergy efficiency of the systems.
Since the thermal exergy efficiency of the PVT system is extremely
low, the exergy loss of the PV unit and PVT system are relatively
close.

As it was mentioned earlier, the total entropy generation of the
PVT system is due to heat transfer and fluid friction in the collector.
A daily entropy generation variation due to heat transfer for the
case of ZnO/water nanofluid is evaluated in Fig. 17. As shown in the
figure, by getting closer to solar noon and increasing the cells sur-
face temperature, the heat transfer between system and ambient
and, therefore, the entropy generation is increased. It should be
noted that an aggregation of nanoparticles in nanofluids can in-
crease the irreversibility of the PVT system in a long time.

In order to have a better comparison of the PVT systems for four
working fluids with each other and with that of the PV unit, the
average daily of the sun energy and exergy, available energy and
exergy, energy and exergy losses, entropy generation and the Bejan
number during the experimental period are summarized in Table 6.
The pressure drop for all working fluids is observed to be
Fig. 16. Daily exergy loss variation of the PVT/ZnO system.
approximately the same (around 1070 Pa). As the experimental
conditions for all systems are the same; therefore, the average daily
sun energy and exergy for all systems are 702 and 868 W/m2,
respectively. According to Table 6, a significant portion of the sun
exergy in the PV unit is lost. By cooling the system in the PVT
system, the exergy loss is reduced. Moreover, nanofluids are
effective for more reduction of the exergy loss due to their
enhancing effects on the heat transfer. Based on Eq. (28), since the
mass flow rate and the difference between the inlet and outlet
collector temperature is low, the exergy loss due to the fluid friction
in the PVT system is small. It should be noted that the average daily
exergy loss of the PVT system due to the fluid friction for all
working fluids is about 0.025 W/m2. Therefore, the entropy gen-
eration of the PVT systems due to the working fluid friction is
negligible compared to that of the heat transfer. It can be concluded
that the Bejan number in the PVT systems is approximately 1.In the
case of nanofluids, the lowest exergy loss and entropy generation is
achieved for the PVT/ZnO system. On the other hand, the Al2O3/
water nanofluid has the highest value of exergy loss and entropy
generation. This is due to the fact that PVT/Al2O3 system has lower
both electrical and thermal exergy compared to other cases. Thus,
according to Eqs. (25), (28) and (29), PVT/Al2O3 system has highest
value of exergy loss and entropy generation. The reduction of the
entropy generation in the PVT system compared to that of the PV
unit is 1.42%, 1.85%, 2.09% and 1.77% for pure water and TiO2/water,
ZnO/water, Al2O3/water nanofluids, respectively.

5.3. Cost analysis

In order to have a general view of the cost saving, an energy and
exergy analysis are performed based on the area reduction of each
system in comparison with the PV unit (system without cooling).
The size reduction of a system is an important factor for the eco-
nomic analysis. Size reduction indicates howmuch thematerial can
be savedwith the same energy or exergy output of the system at the
same condition. PV unit area (Ap) for producing a certain amount of

required power (R _Eout;max) can easily be calculated by Ref. [45]:

Ap ¼ R _Eout;max
_Eout;1m2

(35)

where _Eout;1m2 is output electrical power by a unit area of the PV
module. In order to generate 1 kW electrical power, 46 PV units are
required if each PV unit produces 40W. From the energy viewpoint,
by using pure water, PVT/TiO2, PVT/ZnO and PVT/Al2O3, the size
reduction of the PVT system compared to that of the PV is 21, 32, 33



Table 6
Average daily of the sun energy and exergy, available energy and exergy, energy and exergy loss, entropy generation and Bejan number of the systems.

System type PV PVT/Water PVT/TiO2 PVT/ZnO PVT/Al2O3

Sun energy (W/m2) 702 702 702 702 702
Sun exergy (W/m2) 868 868 868 868 868
Available energy (W/m2) 89.177 330.903 405.858 413.460 350.312
Available exergy (W/m2) 89.177 100.274 103.394 105.580 102.990
energy loss_Q 612.823 371.097 296.142 288.54 351.688
Exergy loss_fr (W/m2) e 0.025 0.025 0.025 0.025
Exergy loss_Q (W/m2) 778.823 767.726 764.606 762.420 765.010
Total exergy loss (W/m2) 778.823 767.751 764.631 762.445 765.035
Ṡ_ gen_fr (W/k m2) e 8.343 �10�5 8.343 �10�5 8.282 �10�5 8.269 �10�5

Ṡ_ gen_Q (W/k m2) 2.539 2.503 2.492 2.486 2.494
Be e y 1 y 1 y 1 y 1

Fig. 18. Size reduction of PV module when using a PVT system from (a) energy and (b)
exergy viewpoints.
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and 24%, respectively (see Fig.18-a). From the exergy viewpoint, the
size reduction values are about 5, 6, 7, 6%, respectively (see Fig. 18-
b). The small size reduction based on the exergy approach may be
attributed to the small thermal exergy values.
6. Conclusions

In this study, the effects of using metal-oxides/water nanofluids
as coolant on the performance of a PVT system, from the exergy
viewpoint were experimentally investigated. The experiments
were performed for four working fluids (pure water and TiO2/wa-
ter, ZnO/water, Al2O3/water nanofluids by 0.2 wt% concentration)
on selected days in August and September at the Ferdowsi Uni-
versity of Mashhad, Mashhad, Iran. The investigated parameters in
this study were cells surface temperature, electrical and thermal
energy efficiencies, electrical and thermal exergy efficiencies,
exergy loss and entropy generation. The experimental results of
various nanofluids were compared with each other and with those
of a PV unit. Based on the results, the following conclusions were
made:

- Using nanofluids was effective in reducing the exergy loss and
the entropy generation due to their heat transfer enhancement
in PVT systems.

- ZnO/water and TiO2/Water nanofluids were found to have an
overall energy and exergy efficiencies higher than that of other
cases.

- The exergy loss and entropy generation due to fluid friction in
the PVT system was small. It should be noted that the average
daily exergy loss of the PVT system due to fluid friction for all
working fluids was 0.025W/m2. It was concluded that the Bejan
number in the PVT system is approximately 1.

- As a result, regardless of the economic aspects of nanofluids
preparation and nanofluid stabilization difficulties, using metal-
oxides/water nanofluids enhance the performance of a PVT
system both energetically and exergetically. Moreover it reduces
the entropy generation of the system. The lowest exergy loss
and entropy generation among various nanofluids considered in
this paper was found to be for the PVT system with ZnO/water
nanofluid.
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