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Abstract

The significance of solar energy among renewable energy resources is undeniable and its benefits are well known. However, due
to its intermittent nature and the relatively low efficiency of solar systems, it supplies only a small percentage (i.e., <1%) of the
world’s energy. Second-generation photovoltaic modules-devices that can convert solar radiation into electricity offer low
efficiency (<13.4%), and a large amount of energy in these devices is wasted in the form of heat. This study investigated a
hybrid system that can utilize such wasted thermal energy from a photovoltaic module. These systems, known as photovoltaic-
thermal (PVT) hybrid systems, can harness solar energy in the form of heat and electricity. The performance of PVT hybrid
systems is experimentally studied, and water, considered as the working fluid, is moved through serpentine tubes mounted at the
back of the PV module. Furthermore, to enhance the thermophysical properties of the working fluid, various nanoparticles (TiO2,
Si02, and C) are added to the base fluid. The results indicate that using PVT/w with copper tubes can elevate the thermal
efficiency up to 89.11% and electrical efficiency increases by almost 0.6%. During the nanofluids tests, the highest increase of
24.15% in thermal efficiency was observed by using graphite nanofluids.

Keywords Solar energy - Photovoltaic module - Electrical and thermal efficiencies - Photovoltaic thermal hybrid system (PVT) -

Nanofluid

Introduction

Solar energy can be generally harnessed for two main pur-
poses: 1) to generate heat, which is performed in solar thermal
collectors, 2) to generate electricity, which can be carried out
by photovoltaic modules. Photovoltaic modules have very
low efficiency and electrical efficiency reduces when module
temperature increases [1-3]. A large quantity of energy in
these devices is wasted in the form of heat which can be
reused for water heating applications. Therefore, a hybrid sys-
tem called Photovoltaic-Thermal (PVT) is considered for this
study, catering for both heating and power generating simul-
taneously. Thus, the total efficiency of the Photovoltaic
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modules can be increased to a larger extent as a result of
cooling operation, which reduces the overall module temper-
ature, leading to better module efficiency and longer longev-
ity. PVT systems are usually categorized according to their
operating fluid. Many of them employ air as the working fluid
while others use water. Based on the selection of working
fluid, the systems are called PVT/a and PVT/w for air and
water, respectively. In this study, PVT/w is considered.

Wolf [4] and Florschuetz [5] carried out pioneering works
on PVT systems using PVT/a. However, the first important
study on PVT/w was done by Prakash in 1994 [6]. He used a
simple PVT system that applied air and water flow. The PVT/
a system acquired efficiency between 17%—51%, and for
PVT/w an efficiency of 50%—67% was achieved in different
flow rates. Tripanagnostopoulos et al. [7] compared different
PVT systems economically and concluded that PVT/a system
is about 5% more expensive than the PV modules. According
to their empirical experiments, and by improvements which
they have made, the PVT/a thermal efficiency was about 38—
75% and for PVT/w systems was about 55-85%.
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Zondag et al. [8, 9] after examining different PVT/w sys-
tems, concluded that using a glass cover on the solar module
would increase the thermal efficiency up to 6%. An analytical
study has been carried out to predict the temperature of hot
water output of a PVT/w system by Tiwari et al. [10], and it
was concluded that thermal efficiency increases by increasing
mass flow rate, however, this will result in temperature drop
within the thermal collector. One of the important applications of
PVT/w systems is their combination with thermal pumps and
thermal systems. In this regard, studies have been carried out
which are considered as examples of integrated photovoltaic-
thermal systems such as Kalogirou [11], Kalogirou and
Tripanagnostopoulos [12] and Chow et al. [13].

The effect of applying nanofluids on the performance
of photovoltaic thermal (PV/T) systems has been studied
by various researchers during recent years and it can be
generally conjectured that the best method to enhance
the thermal efficiency of a solar PVT system is the
utilization of nanofluids [14], especially nanofluids with
higher thermal conductivity significantly enhance the
performance of solar PV/T systems [15-18].

Based on a review of the available literature, there has been no
experimental research on PVT systems with amorphous modules
using nanofluids. In the present study, a thin layer non-crystal
silicon (amorphous) solar module has been selected for experi-
mental assessment. By the combination of solar module with
tube-type thermal collectors which are made of aluminum or
copper, a PVT/w system is investigated. In this research, various
types of nanofluids have been analyzed, some of which are ex-
perimentally used for the first time in this field and have been
very effective in PVT/w system cooling, resulting in a remark-
able enhancement in PVT/w system efficiency.

Definitions and Concepts

The electrical efficiency of solar energy conversion is an im-
portant parameter to assess the performance of photovoltaic
modules in the photovoltaic (PV) and PVT systems. Using I-
V diagrams, the maximum output power is determined by the
current and voltage at the maximum power point (Iyp).
Figure 1 shows the I-V diagram and the P-V diagram for
conventional photovoltaic modules.

As a result, the electrical efficiency of a photovoltaic mod-
ule (7,) can be calculated as follows [20]:

Ay X Vi

= 1
e = TG x A (1)

where “G” is the amount of radiation entering the solar mod-
ule and “A_” is the area of the solar module. In a PVT system,
the amount of electrical efficiency will be slightly higher than
an equivalent PV, due to fluid cooling. By measuring the inlet

SEM

and outlet temperature of the fluid used in the PVT system
(which is water in this test), the thermal efficiency of the
system can be calculated according to the following equation
[20]:

N = m x C X (Taut_Tin)
G x A,

(2)

Where “m ” is the mass flow rate and “C” is the specific heat
capacity. When using nanofluids, these parameters are re-
quired to be modified accordingly. The total efficiency of
PVT systems is as follows:

Niot = Me + Mo (3)

The use of nanofluids in PVT/w systems can greatly en-
hance the thermal efficiency. Nanofluids, which are produced
from the distribution of nano-sized particles in conventional
fluids, are a new generation of fluids with great potential in
industrial applications. The idea of nanofluid was developed
by Choi and Eastman, pioneering nanofluid applications in
thermo-fluids science [21]. The particle size used in
nanofluids is from 1 nm to 100 nm. Nano-fluids generally
have high thermal conductivity and hence their heat transfer
rate is very high. One of the important issues to be considered
in the preparation of nanofluids is the stability of nanofluids.
Nanofluids are not a simple mixture of liquid and solid parti-
cles, while nanoparticles tend to be agglomerated due to high
levels of activity and this agglomeration may change the phys-
ical properties of the nanofluid. The most important factors
affecting the stability of nanofluids include: concentration of
nanoparticles, fluid viscosity, pH, type of nanoparticles, nano-
particles diameter and ultrasonic time [22]. One of the best
methods for increasing the stability of nanofluids is the addi-
tion of a surfactant. Furthermore, it has been reported that the
addition of surfactants can increase the stability of the
nanofluids at higher temperature rates [14]. In this research,
sodium dodecyl sulfate (SDS) surfactant is added to avoid
agglomeration and increase the stability of the prepared
nanofluids.

In this experiment, nanofluid mixtures at 0.1% concentra-
tion were used. The correlation Eq. (4) below represents
nanofluid concentration [23]:

mnano

QS pnano

T Myuagno Mpf
Moano Mty
Pnano

9

ppWhere “m” and “p” refer to the mass and density respec-
tively. The total value of “% ” represents the volume of the

fluid container used to dissolve the nanofluid particles. This
amount is 250 ml for the mixture of water and SDS (SDS,
30.0 wt%) in this experiment. As an example, for a 0.1%
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concentration, the amount of nanoparticles required by the
above equation is obtained as follows:

msio, = 0.549 gr, mrp, = 1.124 gr, mc = 0.556 gr (5)

In Fig. 2, the nanoparticles used in the system with the
surfactant (SDS) are shown.

Experimental Approach

Initially, in order to conduct the experiment, a solar module
made of thin-layer non-crystal silicon (amorphous) was select-
ed. Amorphous modules are cheaper than crystalline silicon
modules, and their capability in compensating the energy loss
in the form of heat make them a suitable candidate, despite
their lower efficiency. On the other hand, because of the more
favorable price of these modules, and also their capability to
capture longer wavelengths, a promising future for the practi-
cal application of these modules could be expected. The amor-
phous module used for this research is shown in Fig. 3. This
module is a product of Conrad Electronic of 12 Volt, 4 W
ultimate power and the surface area is 31.5 x 31.5 cm”. The
operating temperature range for the module is between —40
“Cto 80 "C. Other technical data related to this module is
provided in Table 1.

Fig. 2 Nanoparticle samples
TiO,, SiO,, C and surfactant
(SDS)

A type of solar simulator was developed to provide the
light and heat needed for this test, which uses a metal-halide
HQI-T lamp with a color temperature of 5500 K similar to the
AML.5 solar spectrum to simulate the solar spectrum (Fig. 4).

The thermal collector used in the system is a serpentine
tube-plate type that connects either aluminum or copper tubes
to an aluminum sheet which has a thickness of one millimeter.
Since PVT/w systems, thermal collectors are simply made and
employed; This simplicity makes the solar collector easier to
be installed on the back of the solar module, and in general
less space will be occupied. There are several methods for
connecting aluminum or copper tubes to the aluminum sheet
(mounted at the backside of the module), which include two
methods of welding and bonding through heat conductive
adhesives. In this test, bonding was more convenient because
of the low surface area of the solar module and the small
thickness of the aluminum sheet. Besides, not only the
welding method has a higher cost, but also it may damage or
warp the aluminum sheet and thus damages the solar module.
The arrangement of these serpentine tubes on the aluminum
sheet is very important, which may be affected by parameters
such as low module surface area, back panel geometry of the
module and the number of serpentine tube turns. Based on the
results of previous experiments [8, 9], and the low space avail-
able at the backside solar modules, as well as the rapid heat
transfer rate, the method of winding serpentine tubes is an
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Table 1 Characteristics of the selected PV module in this experimental
study

Short-circuit current 320 mA

No-load voltage 21V

Power output 4 W

Rated voltage 175V

Rated current 230 mA

Weight 1.56 kg
Dimensions (Wx HX D) 315%x315%x19 mm

appropriate method. The number of turns of the serpentine
tubes was empirically determined, then the entire set of tubes
was mounted on the backside of the module and finally the
surrounding area was thoroughly insulated, which was very
effective in preventing heat dissipation. In Fig. 5, thermal
collector tubes and the final insulated system are shown.

While a potentiometer was employed to control the voltage
of the electrical circuit; a rheostat was used to monitor the flow
of current within the circuit at different resistances.

In order to ensure stability, the nanofluids have been pre-
pared via a two-step preparation method which involves 30—
45 min of mixing of nanoparticles in 0.1% volume fraction into
the base fluid (over 3 periods of 10 to 15 min) in a bath type
ultrasonicator (Sonica S3 by Soltec shown in Fig.6a). Using
low volume fractions of nanoparticles (i.e. 0.1% vol.) guaran-
tees higher stability over time [25]. The prepared nanofluids
mixtures did not exhibit any visible sedimentation issues after
being left at room temperature for two weeks.

Solar radiation intensity was measured and recorded using a
TES-1333R solar power meter, with an accuracy of £5%. This
accuracy was stated in accordance with the manufacturer’s
catalog.

To measure the voltage and output current of the solar
module and also for measuring the temperature of the photo-
voltaic module and the temperature of the inlet and outlet of
the fluid (or nanofluid), a DEC-330FC multimeter was used,
which is powered by a direct-current voltage system, since the
output current of the photovoltaic system is direct current. The
DEC-330FC has a range of temperatures ranging from —20 to
+1000°C. The temperature probe is calibrated by placing it in

Fig. 3 Thin-layer non-crystal (amorphous) photovoltaic module

SEM

a controlled temperature bath at 100 °C (boiling water) and
0 °C (ice and water mixture). By comparing the achieved
temperatures with a Zeal L0161 mercury thermometer, the
uncertainty value was obtained at +1%.

In the experiments, a BT100-2 J Longer peristaltic pump is
used to drive the cooling fluid. Peristaltic pumps have the
advantage of transferring corrosive fluids or a fluid with abra-
sive particles into a tube without any contact with other parts
of the pump (Fig. 6¢).

Another advantage of these pumps is the measurement of the
fluid flow rate by the pump itself, which requires a calibration
of the discharge measured by the pump [26]. The volumetric
flow rate in a peristaltic pump can be measured as follows:

0 = a.rpm (6)

In the above equation, “rpm” is the number of pump rounds
per minute and “«” is the specific measurement coefficient of
the peristaltic pump. To measure the discharge rate of the
pump, it is necessary to measure the coefficient “«”. First, a
250 ml container was selected and the filling time was mea-
sured during different “rpm” values. At each “rpm”, the filling
time of the container was measured 10 times repeatedly, so as
to obtain an average value. Therefore:

0= 7
tav

where “V” is the volume of the container and “¢,,” is the mean-

time of filling the container. With the help of the above relation,

the value of “Q” in each particular “rpm” can be calculated and,

by inserting in eq. (6), the value of the coefficient “«’”” in each

particular “rpm” is achieved. By averaging them, “«,,,” value

for this experiment (ay,, = 0.03307 Secf”rlpm ) was gained.

After all, this value should be used for “a” in eq. (6). The
uncertainty value obtained for this test is about £1.43%. With
the constant value for “cy,” determined by eq. (6), the flow
rate in terms of “rpm” variations could be expressed.

In this study, initially, the electrical efficiency of the amor-
phous module (PV system only) was measured at different
radiation intensities. In order to calculate the maximum elec-
trical efficiency, there are different theoretical and practical
approaches, some of which are used only for certain types of
modules and during specific states. However, the best method
in practical applications is to use trial and error. According to
the I-V and P-V diagrams of the solar modules, the maximum
power of each module can be calculated. First, the electrical
current and voltage values at different resistance values were
required, then, using the interpolation method, the maximum
yield range was determined. The maximum yield value can be
obtained by performing further experiments.

Then, the same method was utilized on the PVT/w system
to calculate its electrical efficiency. By measuring the water
temperature at the inlet and outlet of the PVT/w system, the
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Fig. 4 Solar spectrum simulator [24]

thermal efficiency of the system can also be calculated. By
changing the flow rate of the inlet fluid, the effect of this
parameter on the cooling of the module and the amount of
thermal and electrical efficiencies were calculated.

The next step is to use a variety of nanofluids that can
greatly enhance the thermal efficiency of the system. The re-
sults can be compared with a PVT/w system without
nanofluid and a sole PV system. In Fig. 7, an overview of
the PVT/w complete setup is shown.

Results and Discussion

In order to obtain the efficiency of a photovoltaic module
at different radiation intensities, it is necessary first to

Fig. 5 Thermal collector tubes
and the final insulated system

J{ === blackbody, T=5500 K
|

draw up an I-V diagram (by varying the resistance value
and obtaining the values of I and V). The area under the I-
V curve represents the amount of electrical power output
of the photovoltaic module, and consequently, the P-V
diagram can be plotted. From Fig. 8 it can be concluded
that as the radiation intensity is amplified the maximum
point of the P-V curve is elevated. Looking at the I-V
diagram, it is noteworthy to mention that the amount of
open-circuit voltage increases slightly with raising the in-
tensity of the incoming radiation. Although, with the in-
tensity surging upward, the short circuit current is signif-
icantly increased initially, the slope of the short-circuit
current tends to plateau at higher intensities. In Fig. 8 I-
V and P-V diagrams are plotted at different radiation in-
tensities respectively.
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Fig. 6 a) Sonica ultrasonic
device, b) TES 1333 Solar Power
Meter, ¢) Peristaltic Pump

Figure 9 shows the electrical efficiency of the module versus
radiation intensity which is obtained by eq. (1). Obviously, as
the radiation intensity increases, the module temperature is in-
creased. Therefore, the electrical output power is enhanced,
however, this will reduce the module’s electrical efficiency
due to the higher temperature. In general, the electrical efficien-
cy of amorphous modules is very low in practical applications,
hence, they are not suitable for domestic or industrial applica-
tions. Nevertheless, they can be very useful for PVT/w systems.

In Fig. 10, the results of I-V and P-V characteristic curves
during different radiation intensities are demonstrated. The
plots are obtained from experiments with aluminum serpen-
tines tubes, at a given flow rate. In order to setup this test,
“rpm =6 is adjusted for peristaltic pump so that providing a
constant flow rate. The results obtained for the I-V and P-V
diagrams show that the electrical efficiency increases at low
radiation intensity due to the higher cooling effect during low-
er isolations. However, during higher intensities, the efficien-
cy increasing rate will be milder, which means the electrical

Fig. 7 PVT/w system overview with peripheral equipment

SEM

efficiency of the PVT/w system will not vary significantly,
compared to the same state of a sole PV module. The reason
is due to the inner structure of the solar modules, which, even
with cooling, does not have the potential to increase electrical
efficiency. Not only amorphous modules but also other sorts
of modules have structural weaknesses to enhance electrical
efficiency (especially at high radiation levels). In order to de-
termine the reduction of efficiency increment process at high

25
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Fig. 8 1-V and P-V diagrams in different radiation intensities for PV
system
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Fig. 9 PV system electrical efficiency in different radiation intensities

radiation intensity, each radiation intensity is shown in a sep-
arate curve, the same trend is observed for the P-V chart.

A change in fluid flow rate (or change in rpm) can also
affect the electrical efficiency of the PVT/w system.
Although enhancing the flow rate will increase the electrical

efficiency, the resulting enhancement is not proportionately
significant. In Fig. 11, the I-V and P-V diagrams of the
PVT/w system with an aluminum tube at a constant radiation
intensity (G = 600 % ) are compared in different rounds of the
pump (rpm =6, 8 and 10), indicating that the curves are very
close to each other.

By utilizing copper serpentine tubes instead of alumi-
num tubes, a significant effect on the thermal perfor-
mance of PVT/w systems was achieved which is due
to the higher thermal conductivity of copper. Although
the use of copper tubes will slightly increase the elec-
trical efficiency of the PVT/w system, the effect of
using it is not significant (the amount of this change
in the electrical efficiency is indicated in the next sec-
tion). From Fig. 12 it can be conjectured that the I-V
and P-V diagrams of PVT/w with copper and aluminum
tubes have similar trends.

Fig. 10 I-V and P-V diagrams for a) G=200 w/m/‘Z b) G=400 w/m"Z
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Fig. 11 I-V and P-V diagrams of PVT/w system at a constant radiation
intensity (G = 600 ) and during different pump rotation speeds

n?

Now the electrical efficiency of PVT/w system can be cal-
culated. In Fig. 13, the electrical efficiency in two modes of
aluminum and copper serpentine tubes with 7pm = 6, are com-
pared to a conventional photovoltaic module (PV).

As shown in Fig. 13, the diagrams related to the two setups
that use copper and aluminum serpentine tubes are very close
to each other and as expressed before, tube material type was
not remarkably effective in electrical efficiency. However,
compared to a conventional photovoltaic system, the differ-
ence in electrical efficiency is greater for the case of lower
radiation intensities, and the efficiency of the three systems
was approximately the same at high radiation intensities. For
example, at the radiation of G = 200 %, the value obtained for
the photovoltaic module electrical efficiency is 2.62%, which

G=600 w/m~2

80 900

20 —t—Al =@ Cu Al Cu 200

60 700

=2 50 600
=
2 w0
= 40 =}
= 400 =
30 A

300

20 200

10 100

)
0 — 0
0 5 10 15 20 25
V(vol)

Fig. 12 I-V and P-V diagrams of PVT/w with copper and aluminum
tubes in rpm =6 and G = 600

SEM

is approximately 3.22% for the aluminum tube in PVT/w sys-
tem and 3.26% for copper tube mode. This increase in elec-
trical efficiency seems to be negligible, and in general research
on all types of solar modules, a maximum of 1 to 2% increase
in electrical efficiency (using a photovoltaic-thermal cooling
system) has been observed.

Water is a substance that has a high specific heat capacity
and its specific heat capacity variations in the temperature
range of the experiment can be neglected. Its value in this
experiment is equal to (C = 4.1813 kg% ) [27]. It should also

be noted that:

m=p.0 = p.o.rpm (8)

In Fig. 14, the diagram of the fluid inlet and outlet temper-
ature difference (AT=T,,,— T;,) against rpm (flow rate) for
two types of copper and aluminum serpentine tubes is drawn
at radiation intensity of G = 1000 mﬂz The results indicated
that as the number of pump rounds or the fluid flow rate,
increases, the temperature difference would diminish and, in
particular under similar conditions, the temperature difference
achieved from the copper serpentine tubes will be greater than
the aluminum tubes which can again be attributed to the
higher thermal conductivity of copper.

In Fig. 15 the inlet and outlet temperature differences dur-
ing varying pump speeds are plotted. The effect of varying
incoming radiation as well as tube material is included as well.
A similar trend (in comparison with Fig. 14) is evident, how-
ever, at lower radiation intensities, because of the lower ener-
gy input, the temperature difference will be narrower. By
comparing aluminum and copper tubes, it can be derived that
at identical radiation levels, the copper tube exhibited a slight-
ly higher temperature difference and as a result, a better per-
formance. Nevertheless, since aluminum is much cheaper than
copper and the temperature difference is not remarkable, using
an aluminum tube is recommended. Moreover, it can be de-
duced from Fig. 15 that there is a gap between ATat radiation
levels 0f 200 W. m * and 400 W. m *which will be diminished
at higher levels. The reason behind this phenomenon is due to
the conversion rate of the incoming radiation into electricity.
At lower radiation levels, most of the incident radiation is
converted since the electrical efficiency of thin films is less
than 7%. However, at higher radiation levels, only about 3—
5% of the incoming radiation is converted into electrical en-
ergy and the rest of it is absorbed as thermal energy.

By calculating the temperature difference between the fluid
inlet and outlet, the thermal efficiency of the PVT/w system
with copper and aluminum tubes in accordance with eq. (2)
can be calculated at different radiation intensities and various
pump rounds (different flow rates). The values obtained for
the thermal efficiency are shown in Table 2.

It can be interpreted from Table 2. that in contrast to elec-
trical efficiency, using amorphous modules in the PVT/w
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system make it feasible to achieve high thermal efficiency. Under
the same conditions, using copper tubes will result in more ther-
mal efficiency, but since the overall efficiency difference be-
tween copper and aluminum tubes are close to each other, alu-
minum tubes can be applied to save money. According to
Table 2., at lower radiation intensity, the thermal efficiency is
relatively high but at high radiation intensities the thermal effi-
ciency will be reduced. Another important point is that as the
flow rate increases, the thermal efficiency will increase substan-
tially. However, in practical applications, the increase of flow rate
will cause an increase in the system’s cost.

Since the use of nanofluids will change the physical prop-
erties of the base fluid; there are several empirical equations to
obtain the density and specific heat capacity of a nanofluid.
Most of these equations are different for any particular
nanofluid and are used under certain conditions [28, 29].
Since the fluids physical properties have great theoretical con-
cepts, the use of theoretical methods can be very effective. In
this case, eq. (2) can be rewritten as follows:

P X X 1pm X Cop X (Tou=Tin) 9
G x A, ®)

MNin =

Fig. 14 The temperature
difference curves in terms of the

G(W/m"2)

where the effective nanofluid thermophysical properties can
be obtained as follows [30]:

_mytm :prf+p],Vp _

m
peff - (;)eﬂ N vy + Up (l_qbﬁ)pf + ¢Ppp (10)

VitV
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_ 11
¢p Vit+V, ( )
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peﬁ‘
ky+ 2+ 2(kk)), (13)
7 kp + Zk./'_(kp_kf )¢p !

In all equations, the subscript “f” represents the base fluid
and the subscript “p” is related to the nanoparticle. From egs.
(10) to (12), the density and specific heat capacity of a mixture
of nanoparticles with water can be calculated [23]. The values
obtained for density are:

(e ro o = 10034815 /1 (pdj»)mrﬁzo (14)

= 1001.1948 gr/l, (/)Eﬁ) , = 1001.2394 gr/1
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Fig. 15 The temperature difference lines against various pump speeds at
different solar intensities

As it is known, the density of the nanofluid will be slightly
higher than the pure water. Then the specific heat capacity
values will be obtained as follows:

=4.1656

(Ceﬂ ) TiO,~H, 0 kg K’ (Ceﬁ" )SiOz—HZO

=4.1737 K

15
ik’ (15)

kJ
(Cop) g0 = 41736 fe K

The specific heat capacity of nanofluids will be slightly
reduced compared to pure water.

Numerous theories exist to calculate the effective thermal
conductivity of liquid-solid suspensions. Each of them con-
siders specific parameters with a limited range that affect the
thermal conductivity of nanofluids. These parameters are
known as particle concentration, particles size, particle shape,
temperature, sonication, etc. Since there is no unit and reliable
formula to cover the effect of the whole parameters effect on
the effective thermal conductivity, in this study it has been

tried to use the Maxwell static model which is suitable for
mono-disperse, low volume-fraction mixtures of spherical
shaped nanoparticles (eq. 13) [31]. Table 3. provides informa-
tion related to thermal conductivity of base fluid (water) and
nanoparticles used in this study [32]. It is noteworthy to men-
tion that by using eq. 13, the surfactant’s effect on thermal
conductivity of nanofluid will not be considered which is a
reasonable assumption at a low volume-fraction mixture of
nanoparticles [33].

In Fig. 16, the effect of different types of nanofluids
at the radiation intensity of G = IOOOm—“; for a copper
tube is shown.

As shown in Fig. 16, the addition of nanofluid to the system
can significantly increase the difference in temperature of the
inlet and outlet and thus increase the thermal efficiency.
Among the three types of nanofluids (C — H,O, TiO, — H,O
and SiO, — H,O) with 0.1% concentration used in this exper-
iment, the graphite nanofluid mixture (C — H,0) showed the
best performance. Now, by using eq. (9), the thermal efficien-
cy of the PVT/w system with different nanofluids could be
calculated. PVT/w systems using nanofluids have higher ther-
mal efficiency compared to pure fluid. In this experiment,
Graphite nanofluid (C— H,0), TiO, — H,Onanofluid and
SiO, — HyOnanofluid increased the relative thermal efficiency
of the system (compared to the PVT/w system without
nanofluid) approximately 24.15%, 21.4% and 15.73%
respectively.

Uncertainty Analysis

Uncertainty analysis for the experimental results of this
study can be divided into two categories; uncertainty in
the direct measurement of independent parameters and
uncertainty in the results determined from dependent pa-
rameters. The first category of uncertainties is evaluated
by repeating each experiment for at least 3 times and
calculating the standard deviation. In Fig. 17, repeated
experiments on the achievement of the I-V curve are

Table2 PVT/w system thermal efficiency with “A/” and “Cu” tubes at different flow rates and radiation intensities
_ w _ w _ w _ w _ w
G =200, G =400, G =600, G =800, G = 1000, 7
Al Cu Al Cu Al Cu Al Cu Al Cu
6 rpm 74.2% 76.97% 60.84% 64.52% 45.32% 47.62% 38.02% 39.86% 33.46% 34.75%
8 rpm 81.73% 84.8% 68.21% 70.67% 54.08% 55.92% 45.47% 48.39% 40.06% 42.89%
10 rpm 87.57% 89.11% 71.05% 77.58% 60.94% 65.04% 51.27% 55.31% 45.32% 49.01%
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Table 3 Thermal conductivities - ] ]
of solid particles and water as Water C (graphite) Si0, TiO,
working fluid
Thermal conductivity 0.6 2000 1.3 8.37
Effective thermal conductivity of nanofluid - 0.6018 0.6005 0.6014

(¢=0.1%)

shown at an intensity of G = 1000%, proving that I-V
curves do not differ from each other. Moreover, in
Fig. 18, the values of the fluid inlet and outlet temperature
difference of the aluminum tube, are shown in terms of
pump rounds (Q=c«. rpm), at a radiation intensity of
G = 1000 mﬂz The diagrams are very close to each other.
As a result, the tests are reasonably accurate in terms of
repeatability.

The second category is determined by utilizing the
Taylor series method for the propagation of uncertainties
[34]. In this method, the uncertainty of independent pa-
rameters such as open-circuit voltage, short circuit cur-
rent, and the temperature difference can be calculated
via the below eq. (16).

S, = {% ,»1:1 (Xi—)_(>2] 1/2 (16)

In the eq. (16), X is obtained as follows:

M=

— 1
X=—7YX%, (17)
N &

The maximum uncertainty percentage of open-circuit
voltage, short circuit current, and the temperature differ-
ence are +3.27%, +3.74%, and +0.87% respectively.

Fig. 16 The temperature

The uncertainty of the dependent parameters such as
power in the Taylor series method can be calculated by
eq. (18):

u = |(2u 2+ oy 2+ (g ’
| \ax, " ox, o e, Y

By using egs. (16—18), the maximum uncertainty per-
centage for power, electrical and thermal efficiencies
can be obtained as +3.75%, +3.75%, and +0.87% re-
spectively. The calculated values of uncertainties dem-
onstrate the reliability of the obtained experimental
results.

Conclusion

In the present study, a photovoltaic-thermal hybrid system
with water fluid (PVT/w) was investigated. By
performing various experiments, the electrical and thermal
efficiency of the system under different conditions have
been investigated. Furthermore, to examine the signifi-
cance of nanofluids, respective results contingent upon
the presence of nanoparticles have been presented and
compared. The results demonstrated that since amorphous
modules have a very low electrical efficiency, employing
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a PVT/w system can elevate their electrical efficiency up
to nearly 0.6%. Moreover, amorphous photovoltaic systems
are economically cheap and the lost energy in the electrical
field could be captured by thermal fluid flow. Applying cop-
per tubes in comparison to aluminum tubes will give us more
thermal efficiency. The best result for the copper tube and
aluminum tube is 89.11% and 87.57% respectively at
200 W/m” radiation intensity. Since their thermal efficiency
is close to each other, aluminum can be used to economically
save money. The use of nanofluid can increase the thermal
efficiency of the system, but this is costly and the nanofluid
stability problem needs to be considered during long-term
applications. C, TiO, and SiO, nanoparticles dispersed in
water-based nanofluids increased the thermal efficiency of

the system (compared to the PVT/w system without
nanofluid) by approximately 24.15%, 21.4%, and 15.73% re-
spectively. Not only the thermal efficiency of the PVT/w sys-
tem is increased by using nanofluid, but also the electrical
efficiency is increased as well. This is because of the fact that
the higher the PVT systems’ temperature, the lower their per-
formance will be, therefore, since nanofluids are more effec-
tive in cooling the system, they will help the photovoltaic
modules to work at a higher efficiency. The results obtained
based on this article are helpful to researchers in the field of
photovoltaic-thermal systems and are very useful in designing
serpentine tube-plate types of PVT/w systems in areas that are
strongly in need of lower-cost thermal collector systems, since
the serpentine tube-plate design is economically reliable.

Fig. 18 AT —rpmtests fora PVT/ 39
w system with “A/” tubes at 5 M
G= 1000m—W2 e
35
—@—Test 1
2 - -Test2
< 31 Test3
|
29
27
25
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Nomenclature A,, Photovoltaic module area (cm?); C, Specific heat
capacity (k. kg '. K''*); G , Solar radiation intensity (W. m 2); Is.,
Short circuit current (mA); Ij;p, Current at the maximum power point
(mA); k, Thermal conductivity (W. m K'Y, m , Mass flow rate (kg.
sﬁl); Ppy, Photovoltaic module power (W); Pyp, Maximum power (W);
0, Volumetric flow rate (m>. s~'); rpm, Peristaltic pump round per min-
ute; 7}, Inlet fluid temperature (°C); 7,,,, Outlet fluid temperature (°C);
AT, Temperature difference (°C); V., Open circuit voltage (V); Vyp,
Voltage at the maximum power point (V)

Greek symbols «, Peristaltic pump specific measurement coefficient
(ml. s . rpm™"); p, Density (kg. m>); n,, Electrical efficiency; 1,
Thermal efficiency; 7, Total efficiency; &, Nanofluid concentration

Subscripts  bf, Base fluid; eff; effective coefficient (for nanofluids)
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