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In this paper, the effects of ferrofluids as a coolant on the overall efficiency of a PVT (photovoltaic thermal
unit) system are experimentally investigated. The fluids considered in the experiment are distilled water
and a ferrofluid (Fe3O4-water) with 1% and 3% concentrations by weight (wt%). The experiments were
performed in indoor conditions under two constant solar radiations (1100 W/m2 and 600 W/m2) using
a solar simulator. Due to the unique characteristic behavior of ferrofluids, their rheological and thermo-
physical properties can be changed under an external magnetic field. The ferrofluids in this study were
placed under constant and alternating magnetic fields in the cooling section in order to investigate the
effect of both types of magnetic fields on the overall efficiency of a PVT system. The results show that
by using a 3 wt% ferrofluid, the overall efficiency of the system improved by 45% and when an alternating
magnetic field with 50 Hz frequency was applied, the overall efficiency increased to about 50% compared
to that of the distilled water as coolant fluid. The overall exergy output of the system with and without
ferrofluids, was also compared with that of the PV system with no collector. It was observed that by
adding a thermal collector to a PV system and using a 3 wt% ferrofluid under an alternating magnetic
field, the total exergy can be increased as high as 48 W.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The global need for energy savings requires the usage of renew-
able sources in many applications. One of the most important of
these applications is a Photovoltaic (PV) cell which converts solar
radiation into electricity. Based on the general diode equation that
expresses the behavior of a simple photovoltaic system, increasing
the cell temperature decreases the open circuit voltage which
causes a drop of electricity conversion efficiency. But even under
a standard test condition the efficiency of a PV system ranges from
4% to 17% [1]. More than 50% of the incident solar energy is
absorbed and the rest of irradiation is reflected. The absorbed heat
leads to serious problems such as the increase of the PV cell work-
ing temperature. For example, the efficiency of a typical PV system
with c-Si cells is decreased by 0.45% for one degree Celsius increase
of the working temperature [2]. The increased temperature can
also cause a permanent structural damage of the module if the
thermal stress remains for a prolonged period [1]. One remedy to
avoid the temperature increase of the PV system is the use of a
photovoltaic-thermal hybrid solar system (or PVT) where the
unfavorable absorbed heat from the cells is collected through an
additional thermal unit. Therefore, a PVT system consists of
photovoltaic and solar thermal components which produce both
electricity and heat from one integrated component. PVT systems
have been studied considerably in the literature by all means of
analytical solutions, experimental measurements, and numeri-
cal simulations. Numerous studies focused on cooling methods of
solar cells using water and air as the heat removal media [3–6].

Chow et al. [7] numerically and experimentally investigated
energy and exergy analysis of a PVT water based collector system
with and without a glass cover. They evaluated the effects of six
operating parameters on the system efficiency from the viewpoint
of the first and second laws of thermodynamics. The parameters
included the cell efficiency, packing factor, mass flow rate, wind
velocity, radiation and ambient temperature. Gang et al. [8] pre-
sented a numerical and experimental study on a heat pipe PVT sys-
tem. The numerical results for the temperature compared well
with those of the experiments with less than 5% discrepancy.
They measured the electrical and thermal average efficiencies to
be 9.4% and 41.9%, respectively. Dubey et al. [9] introduced an
analytical method to obtain the electrical efficiency of a PVT hybrid
air collector with and without a duct. They found that the annual
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Nomenclature

A area (m2)
Cp specific heat (J/kg �C)
_E energy rate (W)
_Ex exergy rate (W)
FF filled factor
G incident radiation (W/m2)
I electrical current (A)
m mass (kg)
_m mass flow rate (kg/s)

P electrical power (W)
PVT photovoltaic thermal unit
_Q heat transfer rate (W)

R arbitrary function
r packing factor
T temperature (�C)
V voltage (V)

Greeks
d uncertainty
g energetic efficiency

q density (kg/m3)
/ nanoparticles volume fraction
m arbitrary parameter

Subscripts
a ambient
c collector
el electrical
f fluid
f, i fluid inlet
in input
m maximum
n nanoparticle
nf nanofluid
oc open circuit
f, o fluid outlet
pv photovoltaic
pvt photovoltaic thermal
sc short circuit
th thermal
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average electrical efficiency of a PV module with forced air circula-
tion is about 0.66% larger than a PV module without cooling.
Bahaidarah et al. [10] presented a numerical and experimental
study to evaluate the performance of a PV module by a surface
water cooling system installed on the back of the module for hot
climatic conditions. They observed that adding an active cooling
technique dropped the operating temperature of the module by
about 20%, and increased the electrical efficiency by nearly 9%.
Daghigh et al. [11] reviewed the various types of liquid base PVT
collectors in the past few decades.

Generally, fluids have lower thermal conductivity in compar-
ison with metal suspensions. Therefore, dispersion of nano-sized
particles of different materials (metals, metal oxides, etc.) in a car-
rier fluid known as nanofluids has been the subject of intensive
investigations over the recent decades due to their potential appli-
cations in heat transfer and electronic coolings. Yun and Qunzhi
[12] used a film of MgO/water nanofluid with different concentra-
tions of 0.02%, 0.06% and 0.1% by weight, on top of silicon photo-
voltaic cells in order to absorb the extra heat from the cells. They
investigated the effects of the nanofluid film thickness on the out-
put power of solar cells. They found that an increase of the film
thickness or the concentration of the nanofluid, reduces the ther-
mal and electrical efficiencies at a constant solar radiation.
Yousefi et al. [13] performed experiments to study the effects of
using Al2O3/water nanofluid as a heat absorber medium in a flat
plate solar water heater collector. They considered the effects of
mass flow rate and nanoparticles mass fraction on the efficiency
of the collector. They examined various mass flow rates of 1, 2,
and 3 L/min and two different nanofluid concentrations of 0.2%
and 0.4% by weight (wt%). Their results showed that at a constant
nanofluid concentration, increasing the mass flow rate increased
the efficiency of the collector. Sardarabadi et al. [14] studied exper-
imentally the effects of using silica-water nanofluid as a coolant on
the thermal and electrical efficiencies of a PVT system. The
silica-water nanofluid used in this study were 1% and 3% by weight
(wt%). They found that the thermal efficiency of the PVT collector
for the two cases of 1 wt% and 3 wt% of nanofluids are increased
by 7.6% and 12.8%, respectively.

Magnetic nanofluids (or nano ferrofluids) are one kind of
nanofluids consisting of superparamagnetic nanoparticles sus-
pended in a nonmagnetic carrier fluid. These fluids are modern
set of nanofluids due to their unique characteristics behavior as
smart or functional fluids. Their properties such as viscosity and
conductivity can be changed under an external magnetic field
and their rheological characteristics can be accurately controlled.
These properties and especially their capability of heat transfer
enhancement make this kind of fluid an interesting issue for many
researchers. Due to its unique characteristics, the ferrofluids have
been progressively employed in various applications in many
engineering fields such as electronic, mechanical, aerospace and
bioengineering. Li et al. [15] measured the convective heat transfer
coefficient of the aqueous magnetic fluid flow around a heated
wire in both a uniform magnetic field and a magnetic field gradi-
ent; they analyzed the effects of the external magnetic field
strength and orientation on the thermal behavior of the ferrofluid.
They found that controlling the heat transfer process of a ferrofluid
flow is affected by both the orientation and magnitude of an exter-
nal magnetic field. Lajvardi et al. [16] investigated experimentally
the convective heat transfer of a ferrofluid flowing through a
heated copper tube in the laminar regime in the presence of a mag-
netic field. They investigated the strength of the magnetic field, the
effect of magnetic nanoparticles concentrations, and the magnet
position on the heat transfer of ferrofluid. Ghofrani and Dibaei
[17] presented an experimental investigation on forced convection
heat transfer of an aqueous ferrofluid in the presence of an alter-
nating magnetic field under a uniform heat flux and laminar flow
conditions. They measured and compared the convective heat
transfer coefficient for distilled water and ferrofluid under various
conditions and investigated the effects of alternating magnetic
field, volume concentration and the Reynolds number. Their
results showed a maximum of 27.6% enhancement in the convec-
tion heat transfer. Azizian et al. [18] investigated the effect of an
external magnetic field on the convective heat transfer and
pressure drop of a ferrofluid under laminar flow regime
conditions (Re < 830). They reported that the effect of the magnetic
field on the pressure drop is not as significant. The pressure drop
increased only by up to 7.5% when a magnetic field intensity of
430 mT (milli Tesla) was applied; however, the local heat transfer
coefficient of the ferrofluid was increased significantly (up to
300%). It was observed that the heat transfer enhancement is a
function of flow rate (the Re number) and the magnetic field
strength and gradient.



Fig. 1. A view of the experimental setup. Fig. 2. A schematic diagram of the experimental setup.

Fig. 3. Structure of the PVT system.
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Research studies on ferrofluids in solar applications are rare in
the literature. In this paper, therefore, an experimental study is
performed to investigate the effects of a ferrofluid on the efficiency
of a PVT system under a constant and alternating magnetic field.
The ferrofluid considered was Fe3O4-water nanofluid. Both thermal
(in terms of energy and exergy) and electrical efficiencies of a PVT
system with a flat plate collector were studied. Extensive experi-
ments were performed in an indoor simulation to measure various
parameters for the cases considered.

2. Experimental setup

2.1. Apparatus

An experimental setup was built to investigate the effect of the
ferrofluid on the efficiency of a PVT (photovoltaic thermal units)
system with a magnetic field. The photograph and a schematic dia-
gram of the experimental setup are shown in Figs. 1 and 2, respec-
tively. The experimental PVT setup consists of two 40 W
mono-crystalline silicon photovoltaic modules (Suntech Co.,
China) and each of these PV modules consists of 36 solar cells.
One of the photovoltaic units is equipped with a collector while
the other one has no collector. Both units are tested in exactly
the same conditions. Because of a simple design with only 2% lower
efficiency compared to other types of collectors [19], a sheet and
tube collector is utilized in this study. The solar cells are 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
(Fig. 3 and Table 1). 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 col-
lector. The mass flow rate of the working fluid is adjusted to 30 L/h.
The second fluid used in this heat exchanger is the running city
water with 40 L/h mass flow rate. There were 4 K-type thermocou-
ples to measure flow temperatures at the inlet and outlet of the
heat exchanger; they were installed inside the tube to measure
the flow temperature more accurately. A 4-channels data logger
(Testo-175) was used to acquire the temperature values. The heat
exchanger, the thermocouples and all other connections were well
insulated to minimize the heat loss. The working fluid was stored
in a tank connected to a pump in order to circulate the fluid around
the panel. Because of a low pressure of the system considered in
this study, the connections between the parts were established
with pneumatic connectors and fittings.
2.2. Solar simulator

The experiments were performed in an indoor condition due to
its flexibility with respect to time and location. Therefore, a solar
simulator is employed to imitate the necessary solar irradiation
in the testing of photovoltaic modules section. The solar simulator
has 9 tungsten halogen lamps each having 500 W arranged in 3� 3
matrices to produce uniform distribution of irradiance. The posi-
tion of each lamp can be adjusted in 3 directions. The
tungsten-halogen lamps produce a continuous spectrum of light
from near ultraviolet to the visible into the infrared. The color tem-
perature is the temperature of an ideal black body radiator with
the peak irradiance at the same wavelength as the test source.
The tungsten halogen lamps as well as other filament lamps, can
only work under maximum color temperature of 3500 K. They
radiate weaker in the shorter wavelengths but stronger in the
infrared regions compared to the color temperature of the sun
which is approximately 5900 K. However, as filament temperature
increases in a tungsten-halogen lamp and approaches the limiting
melting point of tungsten, the proportion of visible wavelengths
emitted by the lamp increases substantially. Due to the higher
density of infrared emitted by the tungsten halogen lamps in



Table 1
Fabricated design parameters of PVT collector.

Type of PV cell: Mono-crystalline silicon PV modules
Absorber plate and tube Materials: copper
Absorber dimension Plate: 630 mm � 540 mm

Tube: £ 10 mm
Method of joining Gas welding + silicon adhesive
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Fig. 4. Size dispersion by number of the synthesized Fe3O4 nano particles.
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comparison to real sunlight, the readings indoor would be higher
in thermal and lower in electrical.

This simulator can change the intensity between 100 W/m2 and
2000 W/m2 by decreasing/increasing the gap between lamps and
photovoltaic modules. Also to have a uniform radiation all over
the test section, a voltage controller was used to adjust the inten-
sity of each lamp. The total incident radiation is measured by a
solar power meter (TES/1333, Taiwan) mounted parallel to the
photovoltaic surfaces. The maximum difference in the measured
radiation at any point on the PV collector with the adjusted radia-
tion was less than 6%.

2.3. Electrical Instrumentation

A circuit with a programmable microcontroller especially
designed to control the supplying current of the magnet cores
was employed in the experiments. This circuit had the ability to
change the frequency and duty cycle (connection or disconnection
time of the magnetic field) of alternating magnetic fields as well as
to adjust the strength of both constant and alternating magnetic
fields. The circuit had also the ability to manage how the magnets
are turned on or off. An important feature of the circuit was in gen-
erating pulse waves with specific frequency and duty cycle for an
alternating magnetic field. Eight non-permanent magnets made
with zinc ferrite powder in the shape of U were used in the experi-
ment. Eight magnets were placed in equal incremental distance
along the heat exchanger placed inside the empty space of the
magnets. With 2000 rounds of copper wire No. 20 wrapped around,
these U cores were able to apply 300 G in the inside fluid flowing
through the tube. The magnetic field magnitude was measured
with an accurate Tesla meter. The other electrical structure of
the system includes charge controllers, storage batteries, and DC
load consumers (here two 20 W lamps). Charge controllers act as
a connecting switch between batteries, load consumers and PV
panels to assure a continuous electricity production in PV systems.
Digital multimeters (VC9805, China) were used to measure
short-circuit currents, and open-circuit voltages.

2.4. Ferrofluid characterisation and properties

Magnetic nano-particles of metal oxide such as Fe3O4, c-Fe2O3

and spinel-type ferrites of MFe2O4 (with M = Mn, Co, Zn, Ni, etc.)
are mostly used in ferrofluids due to their chemical stability [20].
These particles are produced using various methods such as, chem-
ical co-precipitation, micro-emulsion and phase transfer [20,21].
In this study magnetite nanoparticles were generated from the
chemical precipitation method [22] with a procedure explained
as follows. First and before adding any salt, 200 ml of DI-water
was bubbled with nitrogen gas (N2) for 15 min continuously to
prevent the solution from the reactions with oxygen (O2). Then
5.12 g ferric chloride hexahydrate (FeCl3�H2O) and 2.00 g of ferrous
sulfate (FeSO4) were added to the water. Subsequently, the solu-
tion was stirred (with a 600 rpm) and heated slowly until reached
a temperature of 80 �C. Next, under nitrogen atmosphere and stir-
ring, ammonium hydroxide (NH4OH with 1.5 M) was added
drop-wise until pH exceeded 8 after which the solution turned
black indicating the precipitation of iron oxide nanoparticles. The
temperature, stirring rate, and nitrogen bubbling conditions were
maintained for 2 h. Finally, the generated black Fe3O4 nanoparti-
cles were collected by an external magnet and separated from
unwanted solution of NH4OH. The nanoparticles were then washed
with water several times to reach a neutral pH and dried in the
air atmosphere [23]. The proper amount of resulted solid Fe3O4

powder was weighed by an electronic scale accurate to 0.001 g
and dispersed in distilled water with a desired volume concentra-
tion. To stabilize the nanofluid, acetic acid (C2H4O2) with a proper
volumetric ratio was added to the solution before placing the
ferrofluid under ultrasonic mixing. A sonication time of 30 min
was found to produce a stable nanofluid for at least a month and
with a mean diameter of 45 nm (Fig. 4)

The thermophysical properties of the prepared nanofluids are
calculated from water and nanoparticles characteristics at the bulk
temperature using following equations [24]:

qnf ¼ / � qn þ ð1� /Þ � qf ð1Þ

Cp;nf ¼
/ � ðqn � Cp;nÞ þ ð1� /Þ � ðqf Cp;f Þ

qnf
ð2Þ

where q is the density and subscripts n, f and nf represent, nanopar-
ticles, fluid, and nanofluid, respectively. / is the volumetric ratio of
nanoparticles in a suspension solution of the base fluid that can be
calculated as:

/ ¼ mn=qn

mn=qn þmf =qf
ð3Þ

where mn and mf are the mass of the nanoparticles and fluid,
respectively.

3. Thermodynamic analysis

The overall performance of a mechanical system can be evalu-
ated from different viewpoints such as thermodynamics, eco-
nomics, and environmental implications. In this study, a
thermodynamic approach based on the first and second laws sim-
ilar to the works of Chow et al. [25] and Agrawal and Tiwari [26] is
employed. The first and second laws of thermodynamics are also
referred to energy and exergy analyses, respectively. While an
energetic analysis determines the quantity of the energy, an exer-
getic analysis determines its quality.

3.1. Thermal and electrical efficiency

By considering the PV module and the thermal collector as a
unified control volume, the input energy is the amount of solar
radiation and the useful output energies are electrical and thermal
energies. Therefore, the overall efficiency of a PVT system, gpvt is
equal to the ratio of the output energies to the input energy during



Table 2
Equipment and their accuracy.

Equipment and model Measurement section Accuracy

Solar power meter Incident solar radiation ±10 W/m2 + 0.38
K type thermocouple Fluid temperature ±0.15 �C to ±0.25 �C
Hg thermometer Ambient temperature ±0.5 �C
Calibrated tube Mass flow rate ±1 ml
Stop watch Mass flow rate 0.01 S
Digital multimeter Voltage and Ampere ±(0.5 + 1) V

±(0.5 + 1) A
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a selected time period. Thus, the overall efficiency is the sum of the
thermal and electrical efficiencies, gth and gel, respectively [7,27]:

gpvt ¼
Total thermal energyþ Total electrical energy

Total solar irradiation over the collector
ð4Þ

gpvt ffi
_Eth þ _Eel

_Ein

) gpvt ¼
R t2

t1
ðAc

_Eth þ Apv
_EelÞdt

Ac
R t2

t1
ðGÞdt

¼ gth þ r � gel ð5Þ

where Ac and Apv are the area of the collector and PV cells, respec-
tively, and r is the packing factor defined as Ac=Apv � _Eth is the rate of

output thermal energy per unit area of the collector, _Eel the rate of
output electrical energy per unit area of photovoltaic cells and G the
rate of the effective incident radiation per unit area of the collector.
In Eq. (5), _Eth can be calculated by a simple energy analysis as:

_Eth ¼ _mf � Cp;f � ðTf ;o � Tf ;iÞ ð6Þ

where _mf is the fluid mass flow rate through the collector, Cp;f is the
fluid specific heat, and Tf ;i and Tf ;o represent the fluid inlet and out-
let temperatures, respectively. In Eq. (5), the electrical efficiency can
be expressed as:

gel ¼
_Eel

_Ein

¼ Voc � Isc � FF
AcG

ð7Þ

where Voc is the open circuit voltage and Isc is the short circuit cur-
rent. FF (filled factor) is defined as the maximum power conversion
efficiency of the PV 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 stan-
dard test condition of the PV module [28]:

FF ¼ Pm

Voc � Isc
ð8Þ

Pm is the maximum output electrical power (i.e., the ideal output
power) given as:

Pm ¼ Vm � Im ð9Þ

In order to analyze the PVT system based on the thermal energy, the
output electrical energy must be converted into thermal energy
because of the fact that from a thermodynamic point of view, one
kWh of electricity cannot be directly compared with one kWh of
heat. This is because the two types of energies do not have the same
valuable quality; a conversion factor cf (the conversion efficiency of
thermal power plant which depends upon quality of coal) is, there-
fore, introduced in the literature [13,29,30,33] as:

_Eel;th ¼
_Eel

cf
ð10Þ

For the most PVT fluid systems, a value of cf between 0.35 and 0.40
has been introduced [29]; in this study, a medium value of 0.38 was
used. Thus, the overall equivalent PVT efficiency (Eq. (5)) can be
modified as:

gpvt ¼ gth þ r
gel

0:38

� �
ð11Þ
3.2. Overall thermal and exergy output

Similar to the overall efficiency of the system, the expression for
the overall thermal output is defined as:

_Qoverall ¼ _Q th þ
_Q el

cf
ð12Þ

The method by which the overall exergy output of the system
can be calculated is similar to that of the energy output. By consid-
ering the photovoltaic module and the thermal collector as a uni-
fied control volume, the overall exergy output of the PVT system
can be calculated as:

_Exoverall ¼ _Exth þ _Exel ð13Þ

where

_Exel ¼ _Eel ð14Þ

and

_Exth ¼ _Eth 1� Ta

Tf ;o

� �
ð15Þ
4. Uncertainty analysis

Evaluation of errors in the experiments is necessary to perform
a valid test. In this study, the following equation is used for this
purpose:

dR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@R
@m1

dm1

� �2

þ @R
@m2

dm2

� �2

þ . . .þ @R
@mn

dmn

� �2
s

ð16Þ

where dR is the uncertainty of function R; dmi the uncertainty of
parameter mi, and @R=@mi is the partial derivative of R with respect
to parameter mi. If the uncertainty in m1; m2; . . . ; mm; mmþ1; . . . ; mn are
independent, then the fractional uncertainty of R is written as [32]:

dR
R
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dm1

m1

� �2

þ dm2

m2

� �2

þ .. .þ dmm

mm

� �2

þ �dmmþ1

mmþ1

� �2

þ . ..þ �dmn

mn

� �2
s

ð17Þ

The uncertainties associated with the measuring instruments of
the experimental setup are reported in Table 2. Thus, the fractional
uncertainties can be calculated for the thermal and electrical effi-
ciencies and overall thermal and exergy output. The results are
presented in Table 5. As Table 5 shows, the maximum absolute
uncertainty for all parameters are less than 5% which is an indica-
tion of the reliability of the measured data in the experiment.

5. Results and discussion

In this study two sets of experiments are performed: one on a
photovoltaic unit with a thermal collector (PVT system) and the
other without (PV system). Two working fluids were employed:
distilled water and a ferrofluid (Fe3O4-water) with two different
volume concentrations (1 wt%, 3 wt%). The ferrofluid was tested
in two conditions: one without a magnetic field and the other in
presence of two kinds of constant and alternating magnetic field.
For calculating the conversion efficiency of the system, the amount
of consumed energy for pumping the coolant and generating the
magnetic field has been calculated and subtracted from the total
energy gained by the system; the consumed energy for the above
purposes was not considerable.

5.1. Thermal and electrical efficiency variations of the system

The results presented in this study are given for five different
cases: the collector with distilled water (Case 1), ferrofluid with
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no magnetic field (Case 2), ferrofluid with a constant magnetic field
of 300G (Case 3), ferrofluid with an alternating magnetic field of
50 Hz with the same strength (Case 4), and finally, the PV system
with no collector; i.e., the reference system (Case 5). The thermal
efficiency variation of the PVT system under various conditions
for a solar radiation of 1100 W/m2 is shown in Fig. 5. The perfor-
mance of the PVT system is recorded in each 15 min till the system
reaches a steady-state condition (after nearly 1 h) where the sys-
tem has the maximum overall efficiency. This has been the case
for all experimental data presented in this paper. For the case of
distilled water, when the system reaches the steady state condi-
tion, the thermal efficiency reaches a maximum of 46.77%. This
value can be compared to that of the measurements performed
by Fudholi et al. [31] where the thermal efficiency was reported
to be around 50% for 800 W/m2 radiation and 0.011–0.041 kg/s
water mass flow rate. It should also be mentioned that the reported
range of the thermal efficiency of a PVT system is between 25% and
75% depending on the experimental conditions, the amount of
radiation, and the type of cooling system [8]. As seen from the fig-
ure, adding ferro nano-particles to water by 1 wt% under no mag-
netic field, increases the thermal efficiency to about 65.96%.
Therefore, using ferrofluid instead of distilled water has a consider-
able effect on thermal efficiency of the system (an increase of 41%).
The figure also reveals that applying a magnetic field, whether
constant or alternating, has no significant effect on the system
performance with ferrofluid as the working fluid. Fig. 6 shows
the thermal efficiency variation of the PVT system for Case 1 to
Case 4 under 600 W/m2 solar radiation and 1 wt% magnetic nano
particles. It is observed that the thermal efficiency for ferrofluid
without any kind of magnetic field increases to 68.88%, whereas,
this amount for distilled water is about 47.47%. Therefore, the
thermal efficiency for the ferrofluid is increased by nearly 45%
compared to that of the distilled water. Once again, it is observed
that the magnetic field does not affect the system performance.

As experimental observations show, the thermal efficiency of
the system for 1 wt% magnetic nano particles for both radiations
reached more than 40% compared to the case when the work-
ing fluid was distilled water. Particle migration, nanoparticle
clustering, viscosity gradient and Brownian motion are several
mechanisms identified as the probable reasons for heat transfer
enhancement in nanofluids [15–17,20]. The increase of the thermal
conductivity of the nanofluid along with the disturbed thermal
boundary layer due to the addition of nano particles are among
other reasons for the thermal efficiency increase.

In Fig. 7, the thermal efficiency of 3 wt% ferrofluid in compar-
ison with 1 wt% ferrofluid and distilled water for Case 1 to Case 4
under a solar radiation of 1100 W/m2 is shown. For Case 2 (fer-
rofluid with no magnetic field), the thermal efficiency for 3 wt%
ferrofluid is enhanced to 68.42% which means that by tripling the
ferrofluid concentration, about 4% improvement in the thermal
efficiency is observed. The thermal efficiency for Case 3 and Case
4 for 3 wt% ferrofluid are 67.59% and 72.59%, respectively.
Therefore, it can be concluded that using an alternating magnetic
field with a frequency of 50 Hz (Case 4) increases the thermal effi-
ciency of system by 6% in comparison to the case with no magnetic
field (Case 2). It is also observed that the thermal efficiency for a
constant magnetic field is very close to that of the system when
no field is applied. As a result, using a constant magnetic field for
a ferrofluid has almost no effect on the system performance.

The thermal efficiency for the 3 wt% ferrofluid for the same
cases as of Fig. 7 but under a solar radiation of 600 W/m2 is pre-
sented in Fig. 8. As seen from the figure, the thermal efficiency of
the system for Case 4 is about 74.96%, whereas, this amount for
Case 2 and Case 3 is almost 71%. Similar to 1100 W/m2 solar radi-
ation, applying an alternating magnetic field improves the system
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Fig. 9. Electrical efficiency for 3 wt% ferrofluid and distilled water under 1100 W/
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Fig. 11. Overall thermal output for 1 wt% and 3 wt% ferrofluid under magnetic field
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performance slightly. The constant magnetic field, however, has no
effect on the system.

From Figs. 7 and 8 it is clearly seen that by increasing the fer-
rofluid concentration from 1 wt% to 3 wt% the thermal efficiency
of system is improved by 4%. Although this finding was expected
as reported in the literature [20], the difference between the
results for the two kinds of applied magnetic field is worth
mentioning. The constant magnetic field is seen to have no
considerable effect on the thermal efficiency. With applying
alternating magnetic field, however, the thermal efficiency of
system is increased. This phenomenon may be explained by ferro
particle distribution and their cluster morphology. The presence
of these particle clusters and their chained alignment due to the
external magnetic field translates into more heat transfer in this
case. Further details regarding the physical justification of heat
transfer enhancement in presence of a field is available in the
literature [16–18].
In Fig. 9, the electrical efficiency of 3 wt% ferrofluid and
1100 W/m2 solar radiation for the cases (Case 1 to Case 4) is
displayed. As the figure shows, for the PVT system the electrical
efficiency reaches a value of 6.89% for Case 1, and 7.23% for Case
2 indicating that the electrical efficiency by using the ferrofluid is
increased by nearly 4.8% compared to Case 1 with distilled water.

Fig. 10 shows the electrical efficiency of 3 wt% ferrofluid for the
same cases and conditions as of Fig. 9 except for the solar radiation
which is 600 W/m2 in Fig. 10. It is also seen that for Case 2, the
electrical efficiency is 6.71%, whereas, for Case 1 this amount is
about 6.44% which again indicates an improvement in the system
by using ferrofluid instead of distilled water as the working fluid.

Figs. 9 and 10 also reveal that the electrical efficiency is not sig-
nificantly changed when a magnetic field is used for the ferrofluid
under consideration. This result was expected because the mag-
netic field mainly affects the heat transfer in the cooling section
of the system.
5.2. Overall thermal and exergy output of the system

The overall thermal and exergy output are calculated with the
help of Eqs. (11), (12) for the entire cases at both of the solar radi-
ations of 600 and 1100 W/m2. Fig. 11 shows the variations of over-
all thermal output for 1100 W/m2 solar radiation. As shown in the
figure, the overall thermal output is 52.44 W for the reference sys-
tem (Case 5), 242.90 W for the distilled water (Case 1), and
317.88 W and 327.25 W for Case 2 (ferrofluid with no magnetic
field) for 1 wt% and 3 wt% ferrofluid concentrations, respectively.
It is concluded that using ferrofluid instead of distilled water sig-
nificantly enhances the overall thermal output of the system. The
enhancement for 3 wt% ferrofluid is about 35% when compared
to that of the distilled water. The overall thermal outputs for
Case 3 for 1 wt% and 3 wt% are almost close to that of Case 2 which
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Table 3
1 wt% Fe3O4 and distilled water.

Radiation (W/m2) DTcollector (�C) gth (%) gel (%) gpvt (%) Overall thermal output (W) Overall exergy output (W)

No field 1100 7.9 65.96 7.21 71.91 317.88 42.81
600 4.5 68.88 6.68 74.40 176.52 18.78

5 Hz 1100 8.0 66.80 7.21 72.75 320.96 43.14
600 4.5 68.88 6.64 74.36 176.29 18.43

25 Hz 1100 8.0 66.80 7.20 72.75 320.88 43.25
600 4.5 68.88 6.69 74.40 176.52 19.17

50 Hz 1100 8.1 67.63 7.21 73.58 324.06 43.33
600 4.6 70.41 6.68 75.93 179.63 18.88

Constant Field 1100 8.0 66.80 7.23 72.77 321.20 43.15
600 4.5 68.88 6.64 74.36 176.29 18.65

Distilled water 1100 5.6 46.77 6.89 52.46 242.90 33.44
600 3.1 47.47 6.44 52.79 131.51 14.60

PV with no collector 1100 – – 5.32 4.39 52.44 19.93
600 – – 5.37 4.43 28.85 10.96

Table 4
3 wt% Fe3O4 and distilled water.

Radiation (W/m2) DTcollector (�C) gth (%) gel (%) gpvt (%) Overall thermal output (W) Overall exergy output (W)

No field 1100 8.2 68.42 7.23 74.39 327.25 45.23
600 4.7 71.90 6.71 77.44 182.83 19.51

5 Hz 1100 8.3 69.26 7.18 75.19 329.93 45.66
600 4.8 73.43 6.74 79.00 186.08 19.54

25 Hz 1100 8.6 71.76 7.18 77.69 339.30 47.25
600 4.8 73.43 6.78 79.03 186.31 20.00

50 Hz 1100 8.7 72.59 7.28 78.60 343.36 48.08
600 4.9 74.96 6.81 80.58 189.62 20.39

Constant Field 1100 8.1 67.59 7.18 73.52 323.60 45.32
600 4.6 70.37 6.77 75.96 180.00 18.88

Distilled water 1100 5.6 46.77 6.89 52.46 242.90 33.44
600 3.1 47.47 6.44 52.79 131.51 14.60

PV with no collector 1100 – – 5.32 4.39 52.44 19.93
600 – – 5.37 4.43 28.85 10.96

Table 5
Fractional uncertainties.

dgth=gth dgel=gel d _Exth=
_Exth

±0.0094 ±0.012 ±0.0165

M. Ghadiri et al. / Energy Conversion and Management 103 (2015) 468–476 475
again indicates that using a constant magnetic field is not preferred
over the ferrofluid with no field at all. For Case 4 with an alternat-
ing magnetic field, however, the overall thermal output for 3 wt%
ferrofluid reaches a value of 343.36 W which shows nearly 5%
improvement compared to Case 2 with no magnetic field.

The overall thermal output for 600 W/m2 solar radiation is
shown in Fig. 12. It is clear from the figure that the use of ferrofluid
improved the system overall thermal output compared to that of
Case 1 (collector with distilled water) and Case 5 (system without
collector). The overall thermal output is 28.85 W for Case 5, and
131.51 W, 176.52 W and 182.83 W for Case 1, and Case 2 with
1 wt% and 3 wt% ferrofluid, respectively.

Fig. 13 illustrates the system overall exergy for 1100 W/m2 solar
radiation. As seen from the figure for the case without applying any
field (Case 2) the exergy output is 42.81 W and 45.23 W for 1 wt%
and 3 wt% ferrofluid, respectively, whereas this amount for Case 1
is 33.44 W and for Case 5 is 19.93 W. Therefore, it is observed that
using ferrofluid results in a maximum of 39% improvement in com-
parison to distilled water (Case 1). The exergy output for Case 3 for
both concentrations are close to that of Case 2. For Case 4 with an
alternating magnetic field, about 6% increase is seen for the exergy
output in comparison to Case 2 for 3 wt% ferrofluid.

Fig. 14 shows the variations of overall exergy output for
600 W/m2 solar radiation. In this radiation, a maximum exergy
output of about 20.39 W is observed which again related to Case
4 with 3 wt% ferrofluid. The exergy output for distilled water is
nearly 14.6 W.

For a better comparison between various cases explained, the
entire collected experimental data are given in Table 3 and
Table 4 for 1 wt% and 3 wt% ferrofluid, respectively. In order to
compare different cases of ferrofluid to the PVT system with dis-
tilled water and the reference system (PV with no collector), the
corresponding amounts for these two systems are repeated in both
Tables. As seen from Table 3, the maximum overall efficiency of the
system calculated from Eq. (5) is 71.91% and 74.4% for 1 wt%
ferrofluid for 1100 W/m2 and 600 W/m2 solar radiation, respec-
tively. It is also observed a nearly 40% improvement in overall effi-
ciency for Case 4 in comparison with that of Case 1. In Table 3 it is
also shown that increasing the frequency of alternating magnetic
field from 5 Hz to 50 Hz results in negligible variation in thermal
and overall efficiencies of the system. For 3 wt% ferrofluid
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(Table 4), however, a small increase in efficiencies are observed
when the frequency of the magnetic field increases from 5 to
50 Hz.
6. Conclusion

The effects of a ferrofluid on the efficiency of a PVT system (con-
sisting of a combined PV module and an absorber collector) under
two solar radiations were investigated. The performances of four
different cases including the collector with distilled water,
ferrofluid with no magnetic field, ferrofluid with a constant mag-
netic field, and ferrofluid with an alternating magnetic field of
50 Hz for two concentrations (1 wt% and 3 wt%) were compared
to that of the PV module with no collector. Two solar radiations
of 1100 W/m2 and 600 W/m2 were tested in the experiments by
using a solar simulator designed to perform in indoor conditions.
The major findings of the experiments can be summarized as:

� The overall efficiency of the system reached to about 52% when
distilled water was used as the cooling fluid in the collector.
This value can be compared to that of the PV module with no
collector which was only 4.4%.
� Changing the cooling fluid from distilled water to a ferrofluid,

i.e. Fe3O4-water, the overall efficiency of the system for 3 wt%
concentration improved by about 76%.
� The effect of an alternating magnetic field with 50 Hz frequency

for 3 wt% ferrofluid was about 4–5% in the overall efficiency
compared to the value obtained for the same conditions with
no magnetic field.
� The thermal efficiency of ferrofluid for a constant magnetic field

was very close to that of the system when no field was applied.
� The overall exergy of the system in the case of an alternating

magnetic field with 50 Hz frequency reached as high as 48 W.
This amount for the case of distilled water was only about 33 W.

The experiments performed in the course of this study reveal
that adding a thermal collector to a PV module and using a 3 wt%
ferrofluid accompanied by an alternating magnetic field with
50 Hz frequency can improve the overall efficiency of the system
to about 79%.
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