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Abstract: This paper discusses the effectiveness of simultaneous use of CuO nanofluid and air as a
dual-fluid coolant for the thermal management of a photovoltaic/thermal (PV/T) system. Outdoor
experimental studies were performed to calculate the discrepancies between indoor and outdoor
test findings. The thermal efficiency and the electrical characteristics of the dual-fluid PV/T system
were investigated under steady-state test conditions following ISO standards. It was found that the
divergence in electrical efficiency between indoor and outdoor-based PVT testing was significantly
higher, while the difference in thermal efficiencies was marginal. It was observed that nanofluid/air,
even at the lowest flow rates, outclassed the water/air coolant at higher flow rates in terms of
PV/T energy output, which also ultimately helps in reducing the energy requirement for pumping.
Unlike conventional solar air heaters, the proposed dual-fluid PV/T system produces a high air
temperature when operated with only air at stagnant nanofluid. The maximum PV/T efficiency
of approximately 85% was recorded when the nanofluid and air flows were kept at 0.02 kg/s and
0.04 kg/s, respectively. It is concluded that outdoor steady state testing provides comprehensive
performance characterization of the nanofluid powered dual-fluid coolant for the PV/T system.

Keywords: nanofluid-powered dual-fluid; PV/T system; indoor and outdoor testing; comparative study

1. Introduction

Solar energy has proven to be an attractive renewable energy source in the context
of meeting global sustainability goals and reducing greenhouse gas emissions. It is the
most mature technology compared to other renewable technologies when considering
both heat and electricity. Solar power has potential to supply nearly 55% of global energy
demand. Over the last decade, photovoltaic (PV) technology has become the most popular
renewable. The only major concern is its dependency on temperature, as a 1 ◦C increment
in temperature causes a reduction in efficiency of 0.5% [1]. This overheating problem can
be overcome by integrating a heat exchanger with the PV module. This approach has led
to the development of photovoltaic/thermal (PV/T) technology. The primary purpose of a
PV/T system is to generate electricity by controlling the PV temperature, and the secondary
purpose is to produce heat. Due to simultaneous production of heat and electricity, the
PV/T system offers significantly enhanced energy efficiency compared to conventional
solar collectors.

For high-performance energy efficiency of the PV/T system, the heat transfer fluids
play an extremely important role. Conventional coolants such as water and air limit
the PV/T systems to the low temperature applications. To cope with this problem, the
introduction of nanofluids for the solar thermal applications opened up new horizons
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for researchers to best utilize the sun energy [2–4]. Huang and Marefati [5] evaluated
the thermal performance of concentrating and non-concentrating solar collectors using
different nanofluids comprising of Al2O3 and CuO nanoparticles, and water and Thermia
Oil B base fluids. Based on findings derived from mathematical modeling, they found that
the suspension of CuO nanoparticles in water has the highest energy efficiency, while the
Thermia Oil B based CuO nanofluid exhibited the highest exergy efficiency. Manigandan
and Kumar [6] investigated the simultaneous use of CuO and ZnO nanofluids and the
phase changing material (PCM) as coolants for the PV/T systems. Compared to ZnO,
the CuO nanofluid showed a profound effect in terms of achieving the lowest PV surface
temperature. Meanwhile, the addition of PCM further reduces the PV temperature to
a considerable range. Muzaidi et al. [7] developed trihybrid nanofluid comprises of
CuO/TiO2/SiO2 nanoparticles and investigated its temperature output performance for the
solar thermal applications. The suspensions of TiO2, Al2O3, and CuO nanosized particles
in the distilled water were the most widely reported nanofluids in the literature [8–10].
However, the majority of references in the literature describe the CuO nanofluid as a cost-
effective and thermally sound solution for addressing the existing heat transfer problems.
A vast range of its applications in the context of improving the thermal performance of
different energy systems are summarized in Table 1.

A state-of-the-art heat exchanger design for the PV/T technology is another challenge
to maximize the utilization of sun light and to minimize the heat loss [11]. The surface
area covered by a single fluid, whether liquid or air, is not sufficient to extract the major
portion of solar heat from the PV module. Therefore, alternate approaches were adopted.
One of them is bi-fluid coolant, where two fluids are circulated simultaneously over or
under the PV surface. In the recent years, the bi-fluid heat exchangers for the PV/T systems
have been studied by various researchers. By applying a bi-fluid as a coolant provides
multiple options, where both fluids and either fluid can be utilized according to the load
requirements. Abu Bakar et al. [12] proposed a steady state mathematical model of a
bi-fluid PV/T system, and a wide range of flow rates of water and air was used. The
simulations indicate that during simultaneous operation of air and water, the overall
performance of PV/T was found to be higher than a single-fluid (either water or air)-based
PV/T system. Following this concept, an indoor experimental study of the dual-fluid
PV/T system using a solar simulator was conducted by Jarimi et al. [13]. On the basis of
the satisfactory agreement between simulation and indoor experimental data, it has been
concluded that the proposed mathematical model is useful for predicting the performance
of a bi-fluid PV/T system.

Through a detailed literature review it has been conceived as an expression that
high efficiency conversion of solar radiation to electricity and thermal energy using PV/T
technology is still a debatable issue. Application of nanofluids and the multi-coolant
heat exchangers are the possible solutions to these existing challenges. Combining the
aforementioned technologies into a single unit could be a viable solution to fill the existing
research gaps in the development of a state-of-the-art PV/T technology. To the best of the
authors’ knowledge, no previous study had tested this combination in outdoor climatic
conditions considering international standards. In addition, it has been noticed that some
studies had reported indoor tests of utilizing conventional fluids as a bi-fluid coolant for
the thermal management of PV/T system. Due to difference in color temperature of lights
produced by solar simulator and actual sun, the authenticity of the indoor test results is
still questionable. Considering aforementioned scenario, this study tested a full-scale PV/T
collector in outdoor test conditions, which assesses the practical viability of nanofluid
powered dual-fluid coolant for the real world applications, and thus identifies the existing
research gaps between the indoor and outdoor experimental outcomes. A comprehensive
outdoor steady state analysis of nanofluid/air powered PV/T system was carried out in
comparison with water/air and individual fluid in context of replacing nanofluid-based
dual fluid system with conventional fluids. In this paper, different flow regimes, e.g.,
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laminar, transitional, and turbulent for each fluid operation have been evaluated in the
context of identifying the optimal flow combination for the maximum PV/T power output.

Table 1. Summary of recent studies carried out on CuO nanofluid.

Authors Particles Size Concentration Base Fluid Applications/Investigations

Heris et al. [14] 50–60 nm 0.2–3 vol.% Water

The authors examined the increased heat
transfer coefficient of CuO nanofluid with

increasing concentration of the
nanoparticles and Peclet number. It was

concluded that the optimal concentration of
CuO nanoparticles is between 2.5% and 3%.

Menbari et al. [15] <100 nm 0.002–0.008 vol.% water

The study investigated the thermal
performance of CuO nanofluid for
application to a direct absorption

concentrating parabolic solar collector
(DAPSC). Both experimental and numerical
findings revealed that the thermal efficiency

of DAPSC increased with increasing
nanoparticle volume fraction and fluid

flow rate.

Karami et al. [16] <40 nm 25–100 Vol. fraction
(ppm)

water and
Ethylene glycol

mixture

In this study, CuO nanofluid-based solar
collector was built for residential

applications in particular as a domestic
water heater. The proposed colloidal
solution was further assessed for its

thermal-physical and optical properties.

Chen et al. [17] 200 nm Mass concentration
0.01–0.1% Paraffin

The authors observed that by adding a
small amount of CuO nanopowder to PCM
(paraffin), a significant enhancement in the

solar absorption ability of the resultant
composite PCM was observed.

Bellos and
Tzivanidis [18] - 6 vol.% Syltherm 800

CuO nanoparticles dispersed in Syltherm
800 was used as a heat transfer fluid for a
solar linear Fresnel reflector. Compared to

conventional thermal oil, the CuO
dispersed in Syltherm 800 proved to be

beneficial in the context of improving the
thermal efficiency and operation under

high-temperature levels.

Venkitaraj et al. [19] 40–50 nm Mass concentration
0.1% Neopentyl-glycol

The main objective of this study was to
experimentally analyze the impact of CuO

nano-additives on the heat extraction
performance of Neopentylglycol for

building cooling applications.

Malekan et al. [20] 10–250 nm 2–4 vol.% Therminol 66

In this study, a CuO/Therminol 66
nanofluid is examined as a potential

solution for performance improvement of a
parabolic trough solar collector. Under an
external magnetic field, a significant rise in

thermal efficiency was noticed.

Mustafa et al. [21] 40 nm 0.1 vol.% Water

The authors examined the usefulness of
CuO nanofluid in a flat plate solar collector

for assisting a hot process stream. It was
found that by loading CuO nanoparticles,

the thermal performance of a solar-assisted
hot process stream was improved by 12.8%.
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2. Energy and Performance Analyses

Generally, there is slight fluctuation in solar radiation during outdoor steady-state
testing. Therefore, to realize a relative steady state test, the Hottel-Whillier model was
adapted to obtain the general expression for calculation of the useful energy gain. The
heat gain by the circulating fluids in the dual-fluid PV/T system can be expressed as
follows [22,23]:

Qu = AcFr[(τα)G − UL(Ti − T∞)] (1)

Fr =

.
mc f (Tout − Tin)

AcFr[(τα)G − UL(Tin − T∞)]
(2)

where Qu is the useful energy and Ac is the collector area,
.

m and c f are the mass flow rate
and specific heat of the circulating fluid, respectively, Fr and UL are the heat removal factor
and heat loss coefficient, respectively, τα is the product of the glass cover transmittance
and PV layer absorptance, Tin and Tout are the inlet and outlet temperatures, respectively,
of the circulating fluids, G is the solar radiation incident on the collector plane, and T∞ is
the ambient air temperature. Finally, the expression for thermal efficiency in the form of
optical efficiency, heat loss, and zero-reduced temperature is presented as follows:

η = Fr(τα)− FrUL
(Ti − T∞)

G
(3)

In the case of the dual-fluid heat exchanger, the total thermal gain by the proposed
solar collector is given by summation of the relative contribution of each fluid. Therefore,
the total thermal energy produced by the dual-fluid PV/T system can be computed as
follows:

Qu,bi =
.

mcn(Tn,o − Tn,i) +
.

mca(Ta,o − Ta,i) (4)

As described by Jarimi et al. [13] and others [24,25], under steady state conditions, the
thermal performance of a solar collector is assessed by averaging its thermal output over a
certain period of time. Therefore, Equation (4) can be modified as follows:

∑ Qu,bi =
∫

.
mcn(Tn,o − Tn,i) +

.
mca(Ta,o − Ta,i) dt (5)

∑ ηbi =

∫ .
mcn(Tn,o − Tn,i) +

.
mca(Ta,o − Ta,i)

Ac
∫

G
dt (6)

The instantaneous electrical power and efficiency can be computed using the following
expressions [26]:

FF =
Imax ∗ Vmax

Isc ∗ Voc
=

Pel
Isc ∗ Voc

(7)

Pel = Isc ∗ Voc ∗ FF (8)

∑ ηel =

∫
Pel

Ac
∫

G
dt (9)

The overall power produced by the dual-fluid system is calculated by summing the
total thermal energy and electrical powers:

Ppvt = Qu,bi + Pel (10)

As suggested by [12], the primary energy savings efficiency of a proposed collector
can be written as:

ηtot = ηbi +
ηel
ηpp

(11)

where ηpp is the power plant conversion efficiency, apart from quality of the coal used, and
its value is taken as 38%.
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Based on the Reynolds number (Re) as given by [27], the flow regimes (laminar,
transitional, and turbulent) for fluid passing through a pipe and channel are determined.
The following correlation is used for calculation of the Re value:

Re =
.

mDh
Aµ

(12)

where µ is viscosity of the circulating fluid. A and Dh are the cross-section area and
hydraulic diameter of the pipe. For a circular pipe the inner diameter is considered as
the hydraulic diameter. For a rectangular channel the hydraulic diameter is defined as
follows [27]:

Dh =
4Wd

2(W + d)
(13)

where W and d are the channel width and depth, respectively.

3. Experimentation
3.1. Experimental Setup

A photograph of a dual-fluid PV/T system with a single pass air channel is shown
in Figure 1. The complete experimental setup mainly comprises a mono-crystalline PV
module, experimental data monitoring and recording units, nanofluid and air circulation
systems, heating and cooling units for both fluids, and a storage tank for the nanofluid
(Figure 2). In order to maintain constant inlet temperature, a heating and cooling unit con-
sisting of a chiller and heater was provided separately for nanofluid and air, respectively,
so that outdoor performance testing of the dual-fluid PV/T system could be performed
according to ISO standard operating conditions. As generally done previously, the re-
searchers used a secondary tank to discard the heated fluid from the PV module with the
intention of keeping the inlet fluid at nearly constant or fixed temperature. Using this
method, a lack of accuracy was the prime concern. In this study, the test facility is equipped
with heating/cooling units for both liquid-type and air-type heat transfer fluids, where the
desired inlet temperature ranges can be selected using switch gear panels. Labeled pictures
of the heating and cooling units for both fluids and control panels are shown in Figure 3.
The preference of outdoor testing over indoor testing stems from the following: when the
PV/T system is tested under tungsten halogen lamps or a simulator, a clear discrepancy
was observed between the electrical characteristics measured by the indoor test and those
given by the manufacturer [13]. This may be attributable to a stronger infrared portion and
weaker blue and UV portions in the artificially produced spectrum.
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3.2. Dual-Fluid PV/T System Design

A standard mono-crystalline PV module with dimensions 1.6 m × 1.0 m was used.
The electrical characteristics of the PV module provided by the manufacturer are given
in Table 2. Serpentine-shaped copper pipes were welded to a 0.2 mm absorber plate, and
the resultant heat exchanger was then attached at the rear surface of the PV module using
adhesive or thermal glue. Copper pipes with an inner diameter of 8 mm were used to carry
the liquid fluids, that is, the nanofluid and water. Underneath the PV module a single
pass air channel is provided for air circulation. To make the system cost-effective, the air
channel was made of polyvinyl chloride (PVC) with a thickness of 4 mm. To produce a
turbulence effect, a series of baffles were arranged transverse to the air flow at specific
angles. Furthermore, the liquid fluids (by serpentine-shaped pipes) and air (channel pass)
flow were designed to be perpendicular to one another so that the thermal contact area
between both fluids can be maximized. The back chamber underneath the PV module,
which includes copper pipes and the air channel, was painted matte black with the intention
of achieving higher emissivity and heat transfer rates.

Table 2. Characteristics of the PV module.

Specifications Descriptions

Cell type silicon Mono-crystalline
Module size 1619 mm ∗ 979 mm

Pmax 260 W
Vmp 31.6 V
Imp 8.23 A
Voc 38.1 V
Isc 9.27 A

Aperture ratio 48% (8 mm holes)

3.3. Measurement

For the energy performance evaluation, a prototype of the dual-fluid PV/T system
was built and tested under outdoor conditions at Cheonan city, South Korea. The surface
temperatures of the top and back of the PV panel were measured using K-type thermo-
couples. A total of eight temperature sensors solely for the PV module were used, where
three of them were placed at its top surface, and the remaining five were attached at the
rear surface. Three temperature sensors were installed respectively at inlets and outlets of
both fluids. Prior to experimentation, all temperature sensors were calibrated as per ISO
standard conditions. A first class pyranometer was installed parallel to the PV module
to measure the global solar radiation. The nanofluid from the storage tank was pumped
into the serpentine-shaped pipe heat exchanger by a pump, and air was circulated through
the air channel by two air blowers (at the inlet and outlet) driven by an AC motor. The
nanofluid flow rate was measured by an electromagnetic flow meter (FD Flow Digital), and
the air flow rate was recorded by an insertion gas mass flow meter (SteelMass 640S). The
speeds of both fluids, the nanofluid and air, were controlled using power regulators. The
wind speed and direction were measured with a weather station installed near the experi-
mental setup. Details of equipment used to control operational conditions are presented
in Figure 4.

3.4. Uncertainty Analysis

All of the equipment used for measuring climatic, thermal, and electrical variables
was calibrated prior to use in tests. In the current study, most errors were related to the
measurements and sensitivity of the equipment. The values of the equipment sensitivities
were taken from the catalogs provided by the manufacturers. Errors from the temperature
measurement include the sensitivity of the PT100 Ω of ±0.4 ◦C, as well as the sensitivity of
the thermocouples of ±0.1 ◦C and their measurement error of 0.25 ◦C. Second, the total error
due to the flow rate measurement was the sum of the equipment accuracy and measurement
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error. For the insertion gas mass flow meter, the accuracy was the sum of ±1% of reading
and ±0.5% of full scale. For measurement of the nanofluid or water flow, the error range
and repeatability for the electromagnetic flow meter were ±0.5% and ≤0.17%, respectively.
After factory calibration, the uncertainty and the nominal sensitivity related to the first
class pyranometer were <1.2% and 10 µV/(W/m2), respectively. The accuracy associated
with the PV module I-V measurement system (TNE Tech CO., Ltd., Yongin, Korea) for
measuring peak power was ±1%. Thermal and electrical efficiencies were calculated from
the uncertain measured values; both, therefore, have uncertainties associated with them,
and these uncertainties were calculated using the error propagation law.
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3.5. Nanofluid Preparation

In this study, copper oxide (CuO) nanoparticles were employed in powder form as
supplied by a local supplier (HKK Solution). The size of the nanoparticles varied between
10 to 25 nm. Specifications of the CuO nanoparticles are presented in Table 3. Proper
suspension of nanoparticles in a base fluid (distilled water) is very important to obtain
a stable colloidal solution, and also to improve the thermal conductivity of the resultant
solution. Prior to mixing, nanoparticles were put in an oven for an hour at 200 ◦C to remove
existing moisture. Using an electronic balance, the desired mass of CuO nanoparticles
was weighed. For nanofluid preparation, a two-step method was adopted here. Using
a magnetic stirrer, sodium dodecyl sulfate (SDS) in a quantity of 5% weight of CuO
nanoparticles was mixed completely in deionized water, and then the required amount of
nanoparticles was added while stirring. An ultrasonic cleaner (OMAX AJC-4020) was used
for the preparation of the nanofluids (Figure 5). The aforementioned mixture was further
sonicated for 12 h to obtain 12 L of colloidal solution. The mass required for a particular
volume concentration in the test sample of base fluid was calculated using the law of
mixtures in terms of percentage of volume fraction [28], density of CuO nanoparticles, and
density of deionized (DI) water base fluid using the following relationship:

φ% =

(
wnp/ρnp

)(
wnp/ρnp

)
+
(

wb f /ρb f

) (14)



Sustainability 2021, 13, 13134 9 of 20

where φ is the volume concentration, and w and ρ are respectively the mass and density
of nanoparticles or base fluid. np and bf are abbreviations of nanoparticles and base fluid.
A volume concentration of 1% was used, and the obtained mass of concentration was
767.073 g. It should be noted that several trial tests were done by changing the sonication
time. It was found that the nanofluid sample with 12 h of continuous sonication showed
no nanoparticle agglomeration. In addition, it was found that even after two months the
colloidal solution showed an excellent stability with insignificant settling rate.

Table 3. Specifications of the CuO nanoparticles.

Specifications of the CuO Nanoparticles

Grain size 20–30 nm
Purity 99.9%

Density 6.48 g/cm3 at 25 ◦C
Thermal Conductivity 33 W/m K

Melting point 1326 ◦C
PH value 7 at 20 ◦C
Supplier HKK Solution South Korea
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4. Results and Discussion
4.1. Comparison of Indoor and Outdoor-Based Testing

Under indoor experimental conditions, the solar simulator produces a light that has
color temperature of 3400 K or less, while the actual color temperature of the sunlight
spectrum is 5900 K. Therefore, the transient temperature responses across the collector
components can only be evaluated precisely when the system is subjected to outdoor
testing conditions. Therefore, the outdoor performance tests of a dual-PV/T system were
carried out in comparison with indoor test conditions. Indoor test data for an identical
system published by Jarimi et al. [13] was considered for comparison. Figure 6 shows the
indoor and outdoor experimental analysis of the dual-PV/T system during simultaneous
operation of water and air under a radiation intensity by solar simulator of 700 W/m2, and
by sunlight of 700 ± 50 W/m2. Following the similar operational conditions, the water
flow rate increased from 0.002 kg/s to 0.027 kg/s at constant air flow rate of 0.026 kg/s.
The indoor and outdoor experimental total thermal efficiency increased from 50% to 66%
and 45% to 62%, respectively, while indoor and outdoor electrical efficiencies increased
from 4.1% to 4.36% and 14.2% to 15.3%, respectively. A significant discrepancy between
indoor and outdoor test findings was observed in particular in electrical efficiency, even
though the given data curves follow a similar pattern, but the difference between indoor
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and outdoor data was found to be notably high. As expected, due to weaker blue and UV
radiation portions in light produced by indoor solar simulator, the electrical characteristics
were greatly affected. Thus, results in a lower electrical efficiency, meanwhile, the outdoor
thermal efficiency was slightly higher than that of indoor thermal efficiency of the dual-
PV/T system.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 20 
 

carried out in comparison with indoor test conditions. Indoor test data for an identical 
system published by Jarimi et al. [13] was considered for comparison. Figure 6 shows the 
indoor and outdoor experimental analysis of the dual-PV/T system during simultaneous 
operation of water and air under a radiation intensity by solar simulator of 700 W/m2, 
and by sunlight of 700 ± 50 W/m2. Following the similar operational conditions, the water 
flow rate increased from 0.002 kg/s to 0.027 kg/s at constant air flow rate of 0.026 kg/s. 
The indoor and outdoor experimental total thermal efficiency increased from 50% to 66% 
and 45% to 62%, respectively, while indoor and outdoor electrical efficiencies increased 
from 4.1% to 4.36% and 14.2% to 15.3%, respectively. A significant discrepancy between 
indoor and outdoor test findings was observed in particular in electrical efficiency, even 
though the given data curves follow a similar pattern, but the difference between indoor 
and outdoor data was found to be notably high. As expected, due to weaker blue and UV 
radiation portions in light produced by indoor solar simulator, the electrical characteris-
tics were greatly affected. Thus, results in a lower electrical efficiency, meanwhile, the 
outdoor thermal efficiency was slightly higher than that of indoor thermal efficiency of 
the dual-PV/T system. 

 
Figure 6. Comparison of indoor and outdoor test results for variable water flow at fixed air flow of 0.026 kg/s. 

4.2. Outdoor Performance Evaluation 
It is commonly understood that the thermo-physical properties of both solvent and 

suspended nanometer size particles influence the heat transfer characteristics of the re-
sultant suspension. Mass fractions of nanoparticles in a base fluid have a major influence 
on the thermal-physical properties (thermal conductivity, density, viscosity) of a 
nanofluid, therefore determining the correct mixing ratio of colloidal solution or 
nanofluid is very important. The present study mainly focused on an experimental in-
vestigation of dual-fluid (nanofluid plus air) application for PV/T technology. Therefore, 
to avoid repetition of work, the information regarding selection of CuO as nanoparticles 
with an optimal mass fraction of 1% in deionized water as a base fluid has been taken 
from the literature, as suggested by [29]. Following the instructions reported by [29] and 
other researchers [28,30], a colloidal solution of CuO in deionized water was prepared as 
explained in Section 3.5. For detailed information on the examination of thermo-physical 
properties, please refer to [29].  

Figure 6. Comparison of indoor and outdoor test results for variable water flow at fixed air flow of 0.026 kg/s.

4.2. Outdoor Performance Evaluation

It is commonly understood that the thermo-physical properties of both solvent and
suspended nanometer size particles influence the heat transfer characteristics of the resul-
tant suspension. Mass fractions of nanoparticles in a base fluid have a major influence on
the thermal-physical properties (thermal conductivity, density, viscosity) of a nanofluid,
therefore determining the correct mixing ratio of colloidal solution or nanofluid is very
important. The present study mainly focused on an experimental investigation of dual-
fluid (nanofluid plus air) application for PV/T technology. Therefore, to avoid repetition of
work, the information regarding selection of CuO as nanoparticles with an optimal mass
fraction of 1% in deionized water as a base fluid has been taken from the literature, as
suggested by [29]. Following the instructions reported by [29] and other researchers [28,30],
a colloidal solution of CuO in deionized water was prepared as explained in Section 3.5.
For detailed information on the examination of thermo-physical properties, please refer
to [29].

Furthermore, it is important to estimate the exact percentage of the thermal contri-
bution of each fluid when both heat transfer fluids are to be operated simultaneously.
Since they are not in contact with each other, but the performance of both heat exchangers
is directly associated with each other, investigating the interdependence of the thermal
response of each fluid with respect to the system’s performance is worthwhile. The opti-
mum flow rate of nanofluid or water is tracked when the air flow rate is kept constant in
laminar, transition, and turbulent flow regions, and vice versa. Considering the design of
the dual-fluid PV/T system, laminar, transition, and turbulent flow rates for the nanofluid
or water are 0.008 kg/s (Re = 1590), 0.016 kg/s (Re = 3100), and 0.024 kg/s (Re = 4700),
respectively, and for air the laminar, transition, and turbulent flow rates are 0.01 kg/s
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(Re = 1900), 0.028 kg/s (Re = 5500), and 0.042 kg/s (Re = 8300), respectively. The optimal
output from the dual-fluid PV/T system is determined when the flow rate of either fluid is
fixed in the laminar, transition, and turbulent flow regimes, while varying the second fluid
from the laminar to turbulent flow regimes against each flow regime of the first fluid, and
vice versa.

The performance of the PV/T system using dual-fluid and single-fluid as coolants
is studied. Following the ISO standards, the experimental results based on fluids with
different operational modes (laminar, transitional, and turbulent) at fixed inlet temperatures
are presented in Table 4. The thermal and electrical performance of the PV/T using
nanofluid plus air as a dual-fluid system was compared with water plus air, as well
as individual fluid operational modes. During the experimentation temperatures were
recorded every 10 s, and then averaged over the period when the collector’s components
achieved a steady state condition. The thermal and electrical energy outputs of the PV/T
system using nanofluid/air were higher than all other presented flow schemes. It was
also observed that, in simultaneous fluid operation, the fluid with an increasing flow rate
extracted more heat than its counterpart; however, due to its excellent thermal conductivity,
the nanofluid performed outstandingly well both at low and high Reynolds number flows.

Table 4. Experimental findings for different flow combinations.

Simultaneous and Individual
Fluid Operations (kg/s) Temperature (◦C)

Energy
Input

(W/m2)
Power (W)

Nanofluid or
Water Flow Rate

Air Flow
Rate

Inlet for All
Fluids

Outlet for
Nanofluid
or Water

Outlet for Air Solar
Radiation

Total
Thermal Electrical

Nanofluid

0.008 0.01 20 32.9 35.7 957 609.99 235.3

- 0.028 21 31.81 33.48 978 697.32 236.8

- 0.042 19 26.84 29.39 968 706.03 238.4

0.016 0.01 14 23.12 22.72 988 733.89 241.4

- 0.028 17 25.81 24.37 955 778.36 243.5

- 0.042 13 20.7 21.4 1039 900.31 244.6

0.024 0.01 24 31.96 30.31 986 869.18 242.9

- 0.028 20 27.61 26.13 1001 915.65 247.3

- 0.042 24 31.31 30.89 1073 1032.50 251.8

0.008 0 21 34.95 932 486.10 240.4

0.016 0 15 22.94 950 535.58 245.8

0.024 0 16 23.36 1050 728.15 248.2

Water

0.008 0.01 19 30.89 33.51 932 520.89 233.3

- 0.028 21 29.92 32.83 920 589.52 234.6

- 0.042 17 24.92 27.49 990 680.47 236.2

0.016 0.01 18 26.82 25.34 936 647.77 236.7

- 0.028 21 28.56 27.36 975 729.11 238.3

- 0.042 22 28.87 29.28 985 772.74 240.4

0.024 0.01 20 26.95 25.58 972 796.98 237.1
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Table 4. Cont.

Simultaneous and Individual
Fluid Operations (kg/s) Temperature (◦C)

Energy
Input

(W/m2)
Power (W)

Nanofluid or
Water Flow Rate

Air Flow
Rate

Inlet for All
Fluids

Outlet for
Nanofluid
or Water

Outlet for Air Solar
Radiation

Total
Thermal Electrical

- 0.028 19 25.71 24.2 980 805.76 239.7

- 0.042 17 22.82 22.27 985 847.75 241.3

0.008 0 18 30.84 930 419.24 231.3

0.016 0 20 27.56 989 502.82 232.5

0.024 0 17 22.42 924 503.49 234.8

0 0.01 19 37.45 910 181.50 213.3

0 0.028 18 32.96 958 414.12 222.5

0 0.042 12 22.88 1001 465.78 230.6

As illustrated in Figures 7 and 8, the total thermal efficiency (sum of nanofluid or water
and air) is calculated under simultaneous modes of fluid operation, i.e., fixed nanofluid
or water flow rate and variable air flow. Based on the temperature difference between
the inlet fluid and ambient air, the total thermal and electrical efficiencies were further
analyzed by fixing nanofluid/air and water/air flow combinations in laminar and tur-
bulent flow regimes. The maximum and minimum thermal efficiencies at reduced zero
temperature for nanofluid/air flow combinations of 0.008/0.01 kg/s and 0.024/0.042 kg/s
were 44.5% and 67.7%, respectively. For the same flow rates, the maximum and minimum
thermal efficiencies at zero reduced temperature for water/air were 39.1% and 59.8%,
respectively. Furthermore, the maximum electrical efficiency at reduced zero temperature
for the nanofluid plus air and water plus air were found to be 15.69% and 14.41%, respec-
tively. It was observed that in simultaneous fluid operation, the fluids with increasing
flow rates usually extracted more energy than the fluids at fixed flow rates. It is worth
noting that the total thermal and electrical efficiencies achieved with nanofluid plus air was
notably higher than that of the water plus air case. The utilization of a nanofluid provides
an alternative to water for minimizing the PV module temperature, thus enhancing the
thermal performance.

In order to analyze the real time performance of a dual-fluid PV/T system, the daily
variations of the electrical characteristics such as short circuit current, open circuit voltage,
current, and voltage at the maximum power point were recorded during experimentation.
Generally, voltage is more affected by the PV layer temperature than current is; therefore,
utilization of different modes of fluid operation for the cooling of PV solar cells generates
different electrical power outputs. The average temperature of the PV module and electric
current vary directly with the irradiance, whereas the open circuit voltage decreases as
the average temperature of the module increases. For the same irradiance of 850 W/m2

with a maximum deviation of 50 W/m2 and fixed air and water or nanofluid flow rates
of 0.04 kg/s and 0.024 kg/s, respectively, the effects of simultaneous and individual fluid
operations on the electric current and power are presented in Figures 9 and 10. In the case
of the dual-fluid as a coolant, increases in the open circuit voltage and electrical power
were observed; however, the nanofluid in combination with air provided marginally better
performance than water plus air. The aforementioned improvements in voltage and power
in particular for the nanofluid plus air can be interpreted as a reward of smaller parasitic
resistance. Therefore, an increase in the open circuit voltage will result in an increase in the
maximum power point. These positive changes may also be associated with temperature
uniformity across the PV module. It is concluded that the dual-fluid heat exchanger is
an effective electricity enhancement technique, but the nanofluid plus air provided the
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highest value. This is attributed to the larger surface area of the dual-fluid and the superior
thermo-physical properties of the nanofluid. Most importantly, the nanofluid performs
even better under high operating temperature.
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Generally, the thermal conductance between the PV layer and absorber metal plate
is solely dependent on the thermal conductivity of the adhesive or silicon paste used to
attach them directly. However, the selection of appropriate circulating fluids and correct
operating conditions are also equally important in the context of extracting accumulated
heat from the PV and absorber layers. Under a wide range of outdoor conditions, the PV
temperature can be used to assess the heat conductance rate across the PV/T system. The
measured PV temperatures using nanofluid plus air, water plus air, nanofluid, water, and
air were plotted against fluid inlet temperatures, as shown in Figure 11. As expected, using
simultaneous fluid operation, the PV layer temperature was lower compared to the results
obtained with single-fluid-based coolants. However, the PV/T system with nanofluid/air
coolant showed a lowest PV temperature that is almost 12 ◦C lower than that of the air type
PV/T system. A low PV temperature brings about further benefits such as improvement in
electrical efficiency and mitigated long-term performance reduction.
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Figure 11. The PV layer temperature for different flow combinations.

The previously tracked optimum flow rates for air, water, and nanofluid are used to
calculate the primary energy savings efficiency of the PV/T system. When the air flow rate
is set to vary between 0 to 0.055 kg/s at fixed nanofluid flow rates of 0.008 kg/s, 0.016 kg/s,
and 0.024 kg/s, the primary energy savings efficiency using the nanofluid plus air varies
from 73.3% to 78.8%, 78.6% to 83.8%, and 86.6% to 91.1%, respectively. Similarly, under
the aforementioned flow rate conditions, the primary energy savings efficiency for water
plus air varies from 71.2% to 75.3%, 74.8% to 81.7%, and 82.8% to 86.4%, respectively, as
shown in Figure 12. However, using nanofluid plus air as a dual-fluid system, the primary
energy savings efficiency of the PV/T system was notably higher than that of the case of
water plus air. These findings can be interpreted as an effect of frequent random motion of
nanoparticles and micro-convection in the nanofluid, which in turn augment heat transfer
even at elevated temperature.
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Figure 12. Primary energy savings efficiency when the air flow is set to vary between 0.005 to
0.055 kg/s at fixed nanofluid or water flow rates of 0.008 kg/s, 0.016 kg/s, and 0.024 kg/s.
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In the case of a dual-fluid heat exchanger, the heat removal performance or percentage
contribution of each fluid can be described in terms of temperature rise. Figure 13 shows
that under simultaneous fluid operation the temperature rise of both circulating fluids
decreases when either of the fluids is set to vary for a specific flow range at a constant
flow rate of its counterpart. When air is circulated in a range of 0–0.05 kg/s at fixed
nanofluid flow rates of 0.008 kg/s (laminar) and 0.024 kg/s (turbulent), the temperature
rises achieved by the nanofluid and air were 9.4–4.2 ◦C and 13.5–9.1 ◦C, and 12.3–7.5 ◦C and
8.5–3.2 ◦C, respectively. Under similar conditions when water is replaced by the nanofluid,
temperature increases for water and air were 7.5–2.9 ◦C and 11.8–6.7 ◦C; 10.5–5.5 ◦C and
6.6–2.1 ◦C, respectively. It should be noted that even at a low flow rate the nanofluid can
produce a large rise in temperature, hence lower PV temperature compared to water, which
means the circulating pump requires low power input to satisfy the load requirements.
Furthermore, the temperature rise for both the nanofluid and water is smaller than that of
air. Due to its lower heat capacity the air showed a higher temperature rise in both cases.
However, the overall rise in temperature using the nanofluid plus air is superior to the
water plus air case.
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5. Conclusions

In order to evaluate the potential benefits of CuO nanofluid and air as a dual-fluid
coolant for the PV/T system, an outdoor steady state testing method was adapted. The
measure of discrepancies between the outdoor and indoor test results were calculated by
comparing the identical dual-fluid PV/T systems under similar operational conditions.
Different modes of fluid operations were investigated including, nanofluid/air, water/air,
nanofluid, water, and air. Compared to conventional fluids such as water/air or either one,
the nanofluid/air showed a significant improvement in the thermal performance of the
PV/T system. The maximum primary energy savings efficiency of the PV/T system using
nanofluid/air and water/air was 91.6% and 85.4%, respectively. During simultaneous
mode of fluid operation, even at the lowest flow rates of 0.008 kg/s for nanofluid and
0.01 kg/s for the air, the overall efficiency of the PV/T system was almost twice higher than
that of an air-based only PV/T system. The electrical efficiency from the outdoor based
PV/T testing was almost four times higher than that of indoor based testing. Discrepan-
cies in the electrical efficiency calculated with indoor and outdoor-based testing would
be helpful to the researchers for estimating the exact performance of the PV/T system.
Furthermore, for a dual-fluid PV/T system, when only air is utilized at stagnant nanofluid
or water, the trapped liquid-fluid in the copper tubes nanofluid in particular acts as a heat
booster, and starts supplementing additional heat to the circulating air, which ultimately
results in high air temperature, unlike the case of a conventional solar air heater. High
accuracy heating/cooling units to control both the temperatures of both fluids, an elec-
tromagnetic flow meter for precise flow control, and triple-calibrated instruments would
guarantee the authenticity of the results. The nanofluid powered dual-fluid PV/T system
has energy advantages, and could be a valuable solution for buildings having a high ratio
of energy demand to limited surface area.
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Nomenclature
.

m mass flow rate (kg/s)
c f specific heat of the fluid (J/kg ◦C)
ca specific heat of air (J/kg ◦C)
cn specific heat of nanofluid (J/kg ◦C)
Ti fluid inlet temperature (◦C)
Tout fluid outlet temperature (◦C)
Ta,i air inlet temperature (◦C)
Ta,o air outlet temperature (◦C)
Tn,i nanofluid inlet temperature (◦C)
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Tn,o nanofluid outlet temperature (◦C)
T∞ ambient air temperature (◦C)
Fr heat removal factor
UL overall heat loss coefficient (W/m2 ◦C)
Ac collector surface area (m2)
G solar radiation (W/m2)
Qu useful power (W)
Qu,bi useful power produced by dual-fluid (W)
Pel electric power (W)
Imax max current (A)
Isc short-circuit current (A)
Vmax max voltage (V)
Voc open circuit voltage (V)
FF filling factor
Re Reynolds number
W& d width and depth of the air channel (m)
Dh hydraulic diameter of the pipe (m)
Greek letter
wnp & ρnp mass (kg) and density (kg/m3) of nanoparticles
wb f & ρb f mass (kg) and density (kg/m3) of base-fluid
τ transmissivity of glass
α absorptivity of PV solar cells
φ volume concentration
η efficiency
ηel electric efficiency
ηbi dual-fluid PV/T efficiency
ηtot primary energy savings efficiency
ηpp power plant conversion efficiency
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