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In this study, the use of metal-oxides/water nanofluids as coolants in photovoltaic thermal units (PVT) is
investigated experimentally and numerically. The considered nanoparticles include Aluminum-oxide
(Al2O3), Titanium-oxide (TiO2) and Zinc-oxide (ZnO) all dispersed in deionized water as base fluid, with
0.2% by weight (wt%). To investigate the reliability of the measurements, an uncertainty analysis is
performed for the experimental data. The t-statistic indicator is used to verify that the results of the
numerical model are statistically significant. The electrical efficiency for the PVT system is calculated
based on the measured temperature of the photovoltaic surface and the fluid outlet. The energy balance
equations for various parts of the PVT system are solved using numerical simulations. Both numerical
and experimental results show that the TiO2/water and ZnO/water nanofluids present a better perfor-
mance in terms of the electrical efficiency compared to that of the Al2O3/water nanofluid and deionized
water. In terms of the thermal performance of the system, the ZnO/water nanofluid is found to have the
highest thermal efficiency compared to deionized water and the other two nanofluids. Finally, the nu-
merical model is used to investigate the effect of nanoparticles mass fraction, ranged from 0.05 to 10 wt%,
on electrical and thermal performance of the PVT system.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

A photovoltaic thermal system (PVT) consists of a conventional
photovoltaic unit (PV) which converts photons diffused from the
sun into electricity, and a thermal collector which absorbs both the
remaining energy of photons and the heat produced by the pho-
tovoltaic cells. A simultaneous generation of electricity and heat
makes these systems more efficient compared to conventional PV
units or solar thermal collectors. In recent years, there has been an
increased interest in exploring new techniques to improve the
efficiency of these systems. Many numerical/experimental at-
tempts have been performed for this purpose by varying the col-
lector structure [1–4]; the type of photovoltaic cells [5]; employing
concentration systems [6]; and applying various working fluid
such as air, water, and nanofluids [7–9]. Although the structural
design is an important factor to have an efficient system, the de-
sign variations in a PVT system are very limited. As an example,
the thermal efficiency of a sheet-and-tube collector is only 2%
lower than that of other types of collectors (such as, channel, free
flow and dual-absorber) [10]. Cerón et al. [11] used a 3D numerical
model for tube-on-sheet flat-plate solar liquid collectors. Zhang
-Fard).
et al. [12] studied the performance of a novel solar photovoltaic/
loop-heat-pipe heat pump system. In their study, a dedicated
computer model was developed to predict the system perfor-
mance based on the heat balance principle. Their analysis showed
that the exergetic efficiency of the thermal and electrical outputs
of the system can reach 5.8% and 9.12%, respectively. In other
words, the overall exergetic efficiency of the system can be as high
as 14.92%.

Using a working fluid with enhanced heat transfer character-
istics, such as nanofluids, can significantly improve the overall
system efficiency without changing the structure design [7]. Sev-
eral mechanisms reported in the literature for improving the heat
transfer in nanofluids are: higher conductive heat transfer coeffi-
cient of nanoparticles [13], the Brownian motion of the nano-
particles [14], transient local heat transfer effects [15], and the
electric charge on the surface of the nanoparticles [16]. Although
the pressure drop due to nanoparticles is increased, this drawback
is negligible in comparison with their heat transfer enhancement
advantages [17]. A complete review of the use of nanofluids in
solar collector applications can be seen in the work of Nagarajan
et al. [18]. The main drawback of using nanofluids in the PVT
systems originates from the fact that preparing a proper nanofluid
suspension with a long-time stability is hard to achieve and can be
quite costly. Therefore, in designing the PVT systems with nano-
fluids, performing numerical simulations may significantly reduce
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Nomenclature

Parameters

A surface area (m2)
C specific heat (J kg�1 K�1)
G solar irradiation (W m�2)
h heat transfer coefficient (W m�2 K�1)
k thermal conductivity (W m�1 K�1)
Nu Nusselt number
P perimeter (m)
PF packing factor
Pr Prandtl number
PV photovoltaic unit
PVT photovoltaic thermal system
T temperature
wt weight

Subscripts

abs absorber plate
amb ambient
bf base fluid
cond conduction
cond conduction

elec electrical
env environment
g glass cover
ins insulation
in inlet
np nanoparticle
oc open circuit
out outlet
sc short circuit
tube tube
th thermal
w wind

Greeks

α absorption
β solar cell temperature coefficient (K�1)
δ thickness (m)
ρ density (kg m�3)
η efficiency
τ transmittance
ϕ nanoparticles mass fraction in the base fluid
ε emissivity
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the number of required experiments. An overview of the reported
literature on the PVT systems, show that combined numerical and
experimental research especially for nanofluid-based-collectors is
rare. Suganthi et al. [19] performed experiments on the ZnO/
ethylene-glycol and ZnO/ethylene-glycol/water nanofluids as
coolant fluids in presence of a constant heat flux boundary. They
attributed the heat transfer enhancement to the increase of the
thermal conductivity of the nanofluid. Bhattarai et al. [20] studied
the transient process of a PVT system equipped with a sheet-and-
tube water based collector using both experiments and simula-
tions with a 1D mathematical model. He et al. [21] presented a
theoretical and experimental study of a PVT system in a thermo-
electric cooling and heating unit. They reported a high value of
16.7% and 23.5% for the electrical and thermal efficiencies of the
PVT, respectively. The solar irradiation in their experiments
changed from 200 to 700 W/m2. A 2D thermal network model was
introduced by Dehra [22] for a PV unit to predict the temperature
distribution of a solar wall and the ventilation air requirements for
ducts used in a photovoltaic hybrid system. Xu and Kleinstreuer
[7] developed a 2D model coupling thermal analysis and CFD si-
mulations to calculate efficiencies of a photovoltaic thermal co-
generation system. They used nanofluids for both cooling and
heating in the system and introduced a new thermal conductivity
Table 1
A summary of various methods used for cooling down the photovoltaic thermal units.

System type Method of analysis

Hybrid photovoltaic/thermal water-heating systemwith natural
circulation [2]

Experimental and nu

Building-integrated photovoltaic thermal (BIPVT) water based
collector [5]

Experimental and nu

High concentration PVT system [6] Experimental and nu

Concentration PVT co-generation system using nanofluids for
cooling and heating [7]

Numerical
model. They numerically investigated the effect of various para-
meters on the efficiency that reached as high as 70% for the na-
nofluid-based systems. Table 1 summarizes and compares various
methods used for cooling down the photovoltaic thermal units
introduced in the literature.

In this study, a combined experimental and numerical research
is performed to investigate the performance of a PVT nanofluid-
based collector system. Four different metal-oxides/water nano-
fluids are investigated in a PVT sheet-and-tube collector system.
The considered nanoparticles include: Aluminum-oxide (Al2O3),
Titanium-oxide (TiO2) and Zinc-oxide (ZnO) all dispersed in
deionized water as base fluid, with 0.2% by weight (wt%). To in-
vestigate the reliability of the measurements, an uncertainty
analysis is performed for the experimental data. The electrical
efficiency for the PVT system is calculated based on the measured
temperature of the photovoltaic surface and the fluid outlet. For
the numerical part, the energy equation for the whole system in-
cluding the various layers of the PV module, absorber plate and
fluid flow are solved using an in-house program. The t-statistic
indicator is also used to verify that the results of the numerical
model are statistically significant. To validate the simulations, the
fluid outlet temperature and electrical efficiency are calculated
from the numerical model and compared with those of the
Characteristics

merical Energy saving up to 65%
Daily electrical efficiency: 10.15%
Daily thermal efficiency exceeds 45%
Total efficiency above 52%

merical Electrical, thermal and combined efficiencies of the PVT (c-Si) were
11.6%, 51% and 63%, respectively.

merical Thermal efficiency: numerically: 52%, experimentally: 48%
Overall efficiency can exceed 70%.
Electrical efficiency: 11%
Thermal efficiency: 59%



Table 2
Nanoparticles properties.

Nanoparticle Particle size
(nm)

Density
(kg/m3)

Heat capacity
(J/kg K)

Thermal con-
ductivity (W/m K)

Al2O3 20 3970 765 40
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measurements. Next, from the various metal-oxides/water nano-
fluids considered in this study, a nanofluid with a better perfor-
mance in terms of the electrical efficiency, surface temperature
and fluid outlet temperature is selected. The numerical model is
then used to examine the effects of various weight fractions of the
selected nanofluid on the PVT performance.
TiO2 10–30 4250 686 8.9
ZnO 10–25 5600 495 13
2. Experimental setup

A view of the experimental setup is shown in Fig. 1. The ex-
perimental setup consists of a 40 W, mono-crystalline silicon,
photovoltaic module (Suntech Co., China) equipped with a sheet-
and-tube collector (called PVT for the rest of the paper). Mono-
crystalline silicon photovoltaic modules are extensively used as
typical PV modules with high electrical efficiency and low thermal
resistance losses [23]. K-type sensors with a data logger (Testo �
177-T4, UK) are used for measuring and saving the temperature of
the fluid at the inlet and outlet of the collector and that of the
photovoltaic panel surface (PV). By using the data logger, tem-
perature changes can be tracked in short step times (under 5 s)
during the experimental period. The total incident irradiation is
measured by a solar power meter (TES-1333, Taiwan) mounted
parallel to the photovoltaic surface. A rotary flow meter (20–60 l/
h) is used for measuring and fixing the flow rate at a constant
value. The working fluid in all experiments has a constant mass
flow rate of 30 kg/h. The working fluids considered in the ex-
periments are pure water, aluminum-oxide/water, titanium-oxide/
water and zinc-oxide/water nanofluids. All nano-oxides particles
are dispersed in deionized water with 0.2 wt% by a high-speed
stirrer and a proper surfactant [24] (nanoparticles properties can
be seen in Table 2). The mixture is then stabilized under a con-
tinuous sonication using an ultrasonic vibrator for about 2 h (Wisd
Fig. 1. A view of the experimental setup at the Ferdowsi University of Mashhad.
DH.WUC.D10H, Korea). The ultrasonic process time is divided into
six-time periods of 20 min (with a total time of 2 h) at a set con-
stant temperature of 60 °C. To examine the nanofluids stability, the
density of the nanofluid at various points and times during the
course of the experiment is measured. Although a slight sedi-
mentation of nanoparticles was observed after 2 days, for the
duration of each experiment (6 h) no significant changes in the
density were observed. The daily measured data was collected
from 9:30 a.m. to 3:30 p.m. on selected days in August and Sep-
tember at the Ferdowsi University of Mashhad, Mashhad, Iran
(Latitude: 36° and Longitude: 59°). The performance of a PVT
depends on solar irradiation. Based on the location (Mashhad,
Iran) and the weather conditions, the optimum solar irradiation
for thermal collector operation is selected from 9:30 a.m. till
15:30 p.m. (six hours for each day). It should be noted that al-
though a PVT system can be used in other times during the day,
the pumping power required to circulate the working fluid will not
be compensated by the output of the PVT system; i.e., the net
power output of the system will be negligible.

Sudden changes in weather conditions during a day, especially
the solar irradiation due to clouds and ambient temperature can
affect the result of the PVT system. To have more reliable results
and less uncertainty, experiments are carried out over the month
of August and September (stable weather condition, ambient
temperature and solar irradiation).
3. Numerical model

The mathematical model used to simulate the PVT system is
based on the following assumptions:

� the Ohmic losses of the solar cells are neglected;
� the temperature of the fluid in the collector only varies in axial

direction;
� the sky is assumed to be a black body with a temperature of Tsky;

and
� the fluid flow in the tubes is assumed to be uniform.

It should be noted that these assumptions do not affect the
results considerably. The Ohmic losses compared to the electrical
output are negligible. Due to the small diameter of the copper
pipe, the heat transfer in the fluid flow can be assumed lumped in
the radial direction. Assuming a uniform fluid flow in the pipe is a
usual assumption when studying the convection heat transfer in a
pipe.

A schematic diagram of heat transfers in a cross-section of a
selected control volume is shown in Fig. 2. The control volume
includes the PV and collector components.

The energy balance equations for the system can be written in
details as follows.



Fig. 2. A schematic diagram of heat transfer mechanisms in a cross-section of a selected control volume.
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3.1. Glass cover

ρ δ α= + ( − ) + ( − )

+ ( − ) ( )

→

→

C
dT
dt

G h T T h T T

h T T 1

g g g
g

g rad g env sky g w amb g

g pv pv g

,

cond,

where the left hand side of the equation refers to the temporal
energy changes in the glass cover. The first item of the right hand
side is the received irradiation by the glass cover; the second item
is the radiative heat transfer between the glass cover and the
surroundings; the third item is the convective heat transfer be-
tween the glass cover and the outside environment; and the forth
item is the conductive heat transfer from the photovoltaic cells to
the glass cover. →h g pvcond, is the equivalent conduction heat transfer
coefficient. A similar procedure is established to obtain the rest of
equations as follows.

3.2. Photovoltaic panel

ρ δ α τ= − + ( − )

+ ( − ) ( )

→

→

C
dT
dt

G E h T T

h T T 2

pv pv pv
pv

pv g elec cond pv g g pv

cond pv abs abs pv

,

,

In Eq. (2), τg is the transmittance coefficient of the glass cover.

3.3. Absorber plate

ρ δ = ( − )

+ ( − )

+ ( − ) ( )

→

→

→

C
dT

dt
h T T

f h T T

f h T T 3

abs abs abs
abs

cond pv pab abs pv

abs tube cond abs tube tube abs

abs ins cond abs ins ins abs

,

, ,

, ,

where, fabs tube, is defined as the contact factor of the absorber
and the tube. In the numerical solution, this value is one (in the
contact parts) or zero (in noncontact parts). A similar factor can be
defined between the absorber and insulation as fabs ins, .

3.4. Tubes

ρ δ ∂ = ( − )

+ ( − )

+ ( − ) ( )

→

→

→

PdyC
T
dt

A h T T

h Pdy T T

A h T T 4

tube tube tube
tube

abs tube cond tu tube abs

conv tube f f tube

ins tube cond tube ins ins tube

, ,abs

,

, ,
where P refers to the periphery of the tube.

3.5. Working fluid

ρ
∂
∂

= ( − ) ( )→A dyC
T
t

h Pdy T T 5f f f
f

conv tube f tube f,

3.6. Insulation

ρ δ = ( − )

+ ( − ) + ( − ) ( )

→

→

C
dT
dt

h f T T

f h T T h T T 6

ins ins ins
ins

cond ins tube tube ins tube ins

abs ins cond abs ins abs ins w amb ins

, ,

, ,

3.7. Heat transfer coefficients

The heat transfer coefficients used in the above equations are
defined as follows. The irradiation heat transfer coefficient be-
tween the PV module and the sky is obtained as [25]:

ε σ= ( + )( + ) ( )→h T T T T 7rad g env g g sky g sky,
2 2

where the temperature of the sky, Tsky, is calculated by the fol-
lowing empirical equation [26]:

= * ( )T T0.0552 8sky amb
1.5

The convective heat transfer coefficient due to the wind is
described as [27]:

= + ≺

= + ≻ ( )

h V
m
s

h V
m
s

5.7 3.8 if V 5

6.47 if V 5 9

w w w

w w w
0.78

The convective heat transfer coefficient between the fluid and
the tube →hconv tube f, , can be expressed as [28]:

< ⇒ =
> ⇒ = ( )

Nu

Nu

Re 2300 4.364

Re 2300 0.023 Re Pr 100.8 0.4

In Eq. (10), the Prandtl number can be calculated by:

μ
=

( )

C

k
Pr

11
f p f

f

,

The equivalent conduction heat transfer coefficient between
two neighboring layers m and n can be expressed as [29]:



Fig. 3. A flowchart diagram of the numerical procedure.
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=
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δ δ→h
1

12
cond m n

k k
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m

n

n

The specific heat capacity and density of the nanofluid can be
calculated using the following equation introduced by Xuan and
Roetzel [30]:

ϕ ϕ= ( ) + ( − ) ( )C C C 1 13p nf p np p bf, , ,

ρ ρ ϕ ρ ϕ= ( ) + ( − ) ( )1 14p nf p np p bf, , ,

The thermal conductivity of the nanofluid can be calculated
using the Hamilton and Crosser model [31]:

φ
φ

=
( + ) + ( − )]
[( + ) − ( − )] ( )

k
k k k k
k k k k

2 2
2 15

nf
np bf np bf

np bf np bf

In above equations, the subscripts bf and p indicate the base
fluid and particle, respectively.

In this study, the Corcione model [32] is used to calculate the
viscosity of nanofluids:

μ
μ

φ
=

−
( )

−
⎜ ⎟⎛
⎝

⎞
⎠1 34.87

16

nf
f

d

d

0.3
1.03np

bf

where dnp and dbp indicate the diameter of the nanoparticles and
the base fluid molecular diameter, respectively.

The electrical efficiency can be calculated as the net output
electrical power to the input energy of the sun [9]:

η = = × ×

( )

E

E

V I FF

G 17
elec

elec

in

oc sc

effective

.

. .

where Voc is the open circuit voltage, Isc is the short circuit current
and FF indicates the Filled factor [9].

3.8. Numerical procedure

The energy balance equations (Eqs. (1)–(6)) are solved using a
2D transient model based on a control volume method and an
implicit scheme. The entire computational domain is discretized
using a uniform structured 120*100 mesh. This grid value is cho-
sen based on the mesh independency analyses for a 64*54 cm PVT
dimension. A flowchart diagram of the numerical procedure is
presented in Fig. 3. The system initial properties include: geo-
metric parameters of the entire system such as the tube diameter;
and the thickness of the glass cover, PV cells, and absorber; as well
as thermo-physical properties such as the glass cover transitivity,
absorption coefficient, and working fluid properties. Other re-
quired inputs include: solar irradiation, ambient temperature,
working fluid mass flow rate, wind velocity, and fluid inlet tem-
perature to the collector; these values are those measured in the
experiments. At the beginning of the simulation, the initial tem-
perature of the PV, absorber plate, tube and insulation is the am-
bient temperature. The initial temperature of the entire working
fluid is assumed to be equal to that of its inlet to the collector.
Since the energy equations are solved implicitly, several iterations
are required at each time step. The iterations are continued until
the differences of the calculated temperature between two se-
quential time steps, for all computational nodes, is less than a tiny
value (e.g. 10�6). The computations are continued until a desired
time.

3.9. Uncertainty analysis and model verification

In order to determine the reliability of experiments, an un-
certainty analysis is performed for the measured parameters and
electrical efficiency [9]. If R is a function of ‘n’ independent linear
parameters as = ( )R R v v v v, , , ... n1 2 3 , the uncertainty of function R
may be calculated as:

δ
ν

δν
ν

δν
ν

δν= ∂
∂

+ ∂
∂

+ + ∂
∂ ( )

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟R

R R
...

R

18n
n

1
1

2

2
2

2 2

where δR is the uncertainty of function R, δνi the uncertainty of
parameter νi, and ν∂ ∂R/ i is the partial derivative of R with respect
to parameter νi. Also, the t-statistic (t-test) model is used to de-
termine the reliability of the numerical model for each calculated
parameter compared to that of the experiment. This statistical
indicator permits the numerical simulations to be compared with
measurements, and at the same time can specify whether or not
the model predictions are statistically significant at a specific
confidence level [33]. In the t-test model, both the root mean-
square error (RMSE) and mean bias error (MBE) are considered. If
n indicates the number of data pairs (numerical/experimental re-
sults), the RMSE and MBE are given by:

∑=
( )=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟dRMSE

1
n 19i

n

i
1

2
1/2



Table 4
The t-statistic model results.

Parameter Water TiO2/water ZnO/
water

AL2O3

/water
Critical t

Collector outlet
temperature

5.10 0.38 4.11 2.37 3.055

Surface temperature 4.39 3.81 1.93 3.11 3.055
Electrical efficiency 2.00 3.00 3.01 7.48 3.055
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∑=
( )=

MBE d
1
n 20i

n

i
1

where di is the point to point difference between of the ith nu-
merical result and the measured value. In the present study, the
number of data is considered to be 13 points in each experimental
period.

Based on the above equations, the t-statistic is given as [33]:

= ( − )
− ( )

⎛
⎝⎜

⎞
⎠⎟t

n 1 MBE
RMSE MBE 21

2

2 2

1/2

Before each analysis, a normality test for each set of data is
performed based on the Kolmogorov-Smirnov model.
Fig. 4. Average daily variation of the total irradiation and ambient temperature
during the test period.
4. Results and discussion

The uncertainty of experiments is found to be less than 5% for
all cases considered in this paper based on Eq. (18). More details
with this regard can be seen elsewhere [9].

As can be seen in Table 3, the hypothesis of normality is con-
firmed based on the asymptotic significance (2-tailed) level of
more than 0.05 for all cases.

Since the P-values are more than 0.05, all data sets are normal;
therefore, the t-test, which is a parametric test, can be used. To
determine whether the numerical simulations are statistically
significant, the critical t value is obtained tcritical¼3.055 from the
standard statistical tables for a P-value of 0.01 and 12 degrees of
freedom. The smaller the value of t (smaller than the critical t), the
better is the model performance [33]. The t-test results are sum-
marized in Table 4.

As seen in the table, the numerical model works well for most
cases with a good precision for both temperature and electrical
efficiency especially for the ZnO/water and TiO2/water nanofluids.
The small discrepancies between simulations and measurements
can be attributed to the experimental adverse factors, such as air
humidity, wind velocity, etc.

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 Long-
itude: 59°). The average daily summaries of the measured weather
data during the experiments are shown in Fig. 4. Based on this
data, the average total incident irradiation and the average ambi-
ent temperature are determined to be nearly 917 W/m2 and
33.4 °C, respectively. Based on the experimental data and the Re
number for all working fluids is calculated under 2300 which
shows a laminar regime.

4.1. Surface temperature

The experimental and numerical results for the variation of the
PVT surface temperature, and also the experimental results for the
variation of the PV surface temperature are shown in Fig. 5a–d. As
Table 3
Significance values of the Kolmogorov-Smirnov model (normality test), P-values.

Parameter Water TiO2/water ZnO/
water

AL2O3

/water

Collector outlet
temperature

Experimental 0.49 0.39 0.29 0.29
Numerical 0.31 0.32 0.36 0.35

Surface temperature Experimental 0.71 0.59 0.60 0.70
Numerical 0.76 0.41 0.59 0.48

Electrical efficiency Experimental 0.83 0.74 0.48 0.55
Numerical 0.77 0.43 0.69 0.48
can be seen, the calculated temperatures are in good agreements
with those of the experiments for all cases considered. For the
deionized water, the difference between the calculated and mea-
sured surface temperatures is maximum, which is less than 2.4%
(Fig. 5a). By using a thermal collector, a considerable decrease in
the surface temperature can be achieved during the day compared
to that of a PV system. The difference in the surface temperature of
the PV and PVT systems is higher at the peak of the irradiation
(around 13:00 local time). A close inspection of these results
shows that the average surface temperature reduction of the PVT
system (measured values) compared to that of the PV for the
duration of the experiments (9:30 a.m. till 15:30) is 11.0, 11.48,
11.85 and 11.03 °C, for deionized water, the TiO2/water, ZnO/water
and Al2O3/water, respectively. This result indicates the best ther-
mal performance for the ZnO/water nanofluid compared to deio-
nized water and other nanofluids.
4.2. Electrical efficiency

Experimental and numerical results of the electrical efficiency
for the same cases as of Fig. 5 are shown in Fig. 6a–d. By
using a solar thermal collector, an increase of the electrical effi-
ciency is observed for all cases considered. The electrical efficiency
obtained from the numerical simulations is close to that of the
experiments; the average difference between the two values is less
than 2.2% in all cases considered. As seen in Fig. 6a–d, the average
increase in the electrical efficiency of the PVT system compared to
that of the PV is around 5.48%, 6.54%, 6.46% and 6.36% for deio-
nized water, the TiO2/water, ZnO/water and Al2O3/water, respec-
tively. Therefore, it can be concluded that although for the ZnO/
water nanofluid, a more reduction of the average surface tem-
perature is observed, for the TiO2/water nanofluid, the average
electrical efficiency is higher. This is because of a more uniform
distribution in the surface temperature reduction for the
TiO2/water nanofluid compared to that of the ZnO/water (Fig. 5b
and c).



Fig. 5. Measured and calculated surface temperatures of the PVT system in comparison with measured values of the PV system for the case of (a) deionized water, (b) TiO2/
water nanofluid, (c) ZnO/water nanofluid and (d) Al2O3/water nanofluid.

Fig. 6. Measured and calculated electrical efficiency of the PVT system in comparison with measured values of the PV system for the case of (a) deionized water, (b) TiO2/
water nanofluid, (c) ZnO/water nanofluid and (d) Al2O3/water nanofluid.
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Fig. 7. Measured and calculated fluid outlet temperature of the PVT system in comparison with measured values of the PV system for the case of (a) deionized water,
(b) TiO2/water nanofluid, (c) ZnO/water nanofluid and (d) Al2O3/water nanofluid.
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4.3. Outlet collector temperature

The calculated and measured values of the collector outlet
temperatures are displayed in Fig. 7a–d; the average difference
between the two results is less than 1.5% for all cases. The differ-
ence between the measured fluid inlet temperature and that of the
collector outlet are 2.31, 3.02, 3.11 and 2.50 °C, for the case of
deionized water, the TiO2/water, ZnO/water and Al2O3/water na-
nofluids, respectively. This temperature difference is directly re-
lated to the thermal efficiency of the collector. A close inspection
of the results shown in Fig. 7a–d, reveals that the average tem-
perature difference between the collector inlet and outlet is
maximum for the ZnO/water and minimum for the Al2O3/water
nanofluids. This, in turn, leads to the best thermal performance for
the ZnO/water nanofluid and the worst for the Al2O3/water. As the
results of Fig. 7a–d show, the fluid inlet temperature of the col-
lector increases in the duration of the experiments due to the
closed circulation system used for the working fluid.

4.4. System cost analysis

Bhattarai et al. [34], performed a comparative study of photo-
voltaic and thermal solar systems water based collector. They
concluded that the cost payback period of the PVT system is lower
than that of the PV module and higher than the conventional solar
thermal collector. Faizal et al. [35] found that using nanofluids in
solar collectors results in more energy savings and a smaller size
system with less emission of CO2. The experimental studies in the
literature on the economic aspects of using nanofluids in the PVT
systems are rare and the cost can vary by local energy cost and
government subsidies. System size reduction analysis can be a
helpful method from the cost viewpoint.

Average daily electrical and thermal output are shown in Fig. 8a
for all experimented cases.
Based on the energy output of each system, a cost analysis is

applied for all systems based on 1 kW overall energy output
generation (thermal and electrical). In order to generate 1 kW
electrical power, 46 PV units are required if each PV unit produces
40 W. From the energy viewpoint, by using pure water, the
PVT/TiO2, PVT/ZnO and PVT/Al2O3, the size reduction of the PVT
system compared to that of the PV is 21%, 32%, 33% and 24%, re-
spectively (see Fig. 8).
4.5. Effects of nanoparticles mass fraction

Based on the experimental results of either the fluid outlet
temperature (Fig. 6a–d) or the electrical efficiency (Fig. 5a–d), the
TiO2/water and ZnO/water nanofluids show a better performance
in the PVT system. For the ZnO/water nanofluid, however, the
thermal performance is preferred over the TiO2/water. Hence, the
ZnO/water may be considered to be the best nanofluid amongst
the investigated working fluids in this study. Next, the numerical
model is used to examine the effects of various weight fractions of
this nanofluid on the electrical efficiency, surface temperature and
fluid outlet temperature. The results are displayed in Fig. 9a and b
and Fig. 10, for nanoparticle mass fractions ranged from 0.05 to
10 wt%. Based on these results, increasing the nanoparticles mass
fraction from 0.05 to 10% reduces the surface temperature by
nearly 2%. Therefore, the increase of nanoparticle mass fraction
slightly reduces the surface temperature (Fig. 9a) which, in turn,
translates into a slight increase of the electrical efficiency (Fig. 9b).
The main effect of the nanoparticle mass fraction is on the thermal
performance of the system. By increasing the mass fraction of
nanoparticles from 0.05 to 10 wt%, the thermal performance of the
system increases by four times (see Fig. 10).



Fig. 8. (a) Average daily electrical and thermal output of the PV and PVT systems.
(b) System size reduction based on 1 kW overall energy output generation (thermal
and electrical) for various cooling systems compared to that of a conventional PV
module.

Fig. 9. The effect of the ZnO nanoparticle mass fraction on (a) average surface
temperature reduction and (b) average relative electrical efficiency increase, of the
PVT system when compared to the measured values of the PV system.

Fig. 10. The effect of the ZnO nanoparticle mass fraction on the average tempera-
ture difference of the nanofluid between the inlet and outlet of the collector for
different mass fractions of nanoparticles.
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5. Conclusions

In this study, a combined experimental/numerical approach
was used to investigate the cooling of a PVT system by metal-
oxides/water nanofluids. The experimental results of various na-
nofluids were compared with each other and also with those of a
PV system as a conventional photovoltaic unit. The measured va-
lues for the surface temperature, the electrical efficiency, and the
collector outlet temperature were used to investigate the various
aspects of the PVT system performance and verify the calculated
values obtained from the numerical model. The working fluids
considered in this study were deionized water, the TiO2/water,
ZnO/water, and Al2O3/water. Numerical results agreed well with
those of the experiments for all cases considered. Both experi-
mental and numerical results revealed that the most significant
effect of using metal-oxides/water nanofluids is on the thermal
performance of the system. Based on this analysis, the ZnO/water
nanofluid showed a better thermal performance compared to
other working fluids. The numerical model was then applied to
study the effects of the ZnO nanoparticle mass fraction on the PVT
performance. The results showed that while the thermal perfor-
mance of the PVT system is highly dependent on the mass fraction
of the nanoparticles, the electrical efficiency is slightly changed
when the mass fraction is varied. Increasing the mass fraction of
nanoparticles from 0.05 to 10 wt% increased the thermal perfor-
mance of the system by nearly four times. The surface tempera-
ture, however, was reduced by only 2% which, in turn, resulted in a
slight increase of the electrical efficiency by 0.02%. As a result,
apart from the preparation cost and nanofluid stabilization diffi-
culties, when the net thermal energy obtained from a PVT system
is of interest, using metal-oxides/water nanofluids with a high
mass fraction will considerably improve the thermal performance
of the system.
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