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ABSTRACT

Hydrogen is a growing alternative for fossil fuels that may be used to combat the energy shortfall that
exists in a variety of industries, most notably the transportation and power generation industries. In
this research work, the utilization of solar energy for the generation of electricity and production of
hydrogen are thoroughly covered. A hybrid photovoltaic thermal system (PVT) has been used to
generate the hydrogen via electrolysis process. To enhance the thermal efficiency of the PVT, graphene
oxide nanofluids have been utilized. Graphene oxide nanofluids dispersed at the mass flow rates, such
as 0.8 g/s, 1.0 g/s, and 1.2 g/s using sonication technique. A series of tests conducted between 9.00
A.M. to 4.00 P.M. to determine the parameters such as cell temperature, electrical efficiency, thermal
efficiency and hydrogen mass flow rate. The procured results of the PVT carried out with the utilization
of air and water as coolants were compared with PVT with nanofluids. From the findings it is evident
that the performance of the system was significantly enhanced by the utilization of nanofluids at the
optimized concentration compared to conventional water and air. With regard to the nanofluids mass
flow rate, concentration of 1.2 g/s reported higher electrical (8.6%) and thermal efficiency (33.3%)
compared to water. Added to above, there is a profound increase in the mass flow rate of hydrogen
that has been observed at 1.2 g/s.
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1. Introduction

Hydrogen is a common element in the natural world and may be broken down into its most
fundamental state, which consists of only a single electron and a single proton. After many hours
devoted to studying and developing new technologies, experts have arrived at the conclusion that
hydrogen has the potential to replace traditional fuels [1-3]. The rising levels of carbon emissions,
particularly those caused by the combustion of fossil fuels, have brought widespread attention to a
number of related but distinct concepts, such as ecological footprint and carbon footprint. Hydrogen
fuel is an emission-free fuel that may contribute to carbon neutrality, implementation of them in the
energy market is an important step toward achieving the long-term aim of lowering the dangers
associated with climate change [4,5]. Hydrogen is the most common and fundamental of the elements
that may be found in the natural resources. In addition to being an alkali metal, it is known to possess
characteristics of halogens. In addition to this, the capability of hydrogen to generate a significant
amount of heat when it is burned in the presence of oxygen has led some people to consider it a viable
alternative to traditional fossil fuel [6,7]. The fuel that is formed as a result of the combustion of
hydrogen in the presence of oxygen is a fuel that produces no emissions and may effectively contribute
to the upkeep of carbon neutrality.

Nomenclature
Po Electrical output power (W)
Vv Voltage across the load (V)

I Photo-current of the solar cell (A)

A Panel area (m2)

m mass flow rate (kg/s)

Te exit fluid temperature (° C)

Ti inlet fluid temperature (°C)

P is the density (g/s)

Subscript

P np and f represents nanoparticle, fluid and nanofluid respectively.
] is the volumetric fraction.

Pe Electrical power

Pc Cooled power (W)
Pi Reference electrical power (W)
Pm Maximum power output (W)

Psin Power due to solar radiation (W)



Not only can the hydrogen fuel cell create sufficient amounts of energy in comparison to other fuels,
but it is also recognized for being the source of the fewest pollutants released into the atmosphere.
Oxygen and hydrogen together are known to produce water as a by-product during the generation of
power when they are combined [7-10]. In addition, it is typical that hydrogen fuel cells go through the
process of electrolysis, in which the electrically charged particles move from one electrode to another
[11,12]. Recently, the use of nanofluids in the energy sector has been increasing rapidly. Nanoparticles
may be divided into three categories: those based on metal, those based on carbon, and
nanocomposites. The nanoparticles that are based on metals may be further subdivided into two
groups: metals and metal oxides, which are chemical compounds that consist of the elements metal
and oxygen [13,14]. Carbon nanotubes (CNT) with a cylindrical nanostructure, and graphene (GO),
which is carbon in the form of a twodimensional allotrope, are two of the several forms of carbon-
based nanoparticles that may be distinguished from one another [15,16]. Nanocomposites, which
stand out among the other types of nanoparticles due to their unique composition. This class includes
two distinct varieties of particles that each has sizes of less than 100 nm. The ceramic matrix, the metal
matrix, and the polymer matrix are the possible categories for describing these nanocomposites
[17,18]. Nanoparticles have a number of advantageous properties, including increasing the thermal
conductivity of the working fluid, which in turn improves the heat transfer coefficient of the working
fluid; By increasing the fluid’s density and specific heat product, we make it possible for the fluid to
transport significant amounts of thermal energy [19]. Increasing the rate at which heat is transferred
from the fluid to the receiver, enhances the efficiency of the PV system in terms of both its thermal
and electrical output; Bringing the temperature of the absorber down and, as a result, safeguarding
the material. There are two ways to create nanofluid, the first of which is a single process, and the
second of which involves two steps. During this stage of the process, both the dispersion and the
synthesis of nanoparticles take place simultaneously [20,21]. This procedure can be executed using
either physical or chemical means, depending on the situation. For the synthesis of nanoparticles using
the physical technique, an ultrasonic-aided submerged arc system is utilized. The chemical technique
requires the addition of a reducing agent to the combination of nanoparticles and base fluid, which is
then followed by stirring and heating. The nanoparticles are created during the first step of the Two-
Step Method, which is followed by the mixing of the nanoparticles and the base fluid using high shear
or ultrasonic [22].

When a mixture is subjected to direct sonication, it indicates that the ultrasonic probe or horn is
coming into direct touch with the mixture. During this stage of the procedure, the nanoparticles and
the base fluid are both measured out by weight before being poured into a container together. After
giving the combination a one-minute stir with a very thin metal rod, it should be subjected to direct
ultrasonication for a period of 30 to 45 min. However, if the nanofluid is created by employing the
ultrasonic bath or pulsed ultrasonic, then this method will be classified as indirect sonication since the
ultrasonic waves will be introduced in a more indirect manner. In this instance, the nanoparticles and
the host fluid are stored within a vessel that is submerged in a bath [23]. The vessel is kept at room
temperature. Ultrasonic pulsations can be transmitted in this bath to its porous surface. This approach
is not recommended for use with nanofluids that have a high viscosity base. In contrast to the
ultrasonication process, the high-pressure homogenizer is often regarded as the most efficient way
the creation of nanofluid. Nevertheless, this method has a few drawbacks, including a massive size and
weight, a significant price tag, and a restricted processing capacity all at once. Another method of
mixing is the use of a mechanical stirrer, also called an overhead stirrer, which is capable of mixing
amounts as big as 25 L. In contrast to previous treatment approaches, this one does not prevent the
aggregation of particles as effectively as the others do. In addition to the methods that have been
discussed so far, a shaker, also known as dispersion, is an option for the creation of nanofluids in



natural settings. In addition to this, the process of forming nanofluids by combining nanoparticles and
refrigerants using this method is quite effective [27-29]. This concoction is referred to as nano
refrigerant. Additionally, it can be beneficial for gases and fluids operating at low temperatures.
Because of the wide variety of uses they have, graphene oxide nanoparticles, also known as GONPs,
have garnered a lot of attention. Some of the notable studies predicted the effectiveness of the
nanofluids in the PVT. Hybrid systems are used to enhance the electrical output by decreasing the cell
temperature. From the above literature study, it is evident that the use of the nanoparticle enhances
the production of electrical output by cooling the PV cell temperature which indeed produces
hydrogen.

2. Methodology
2.1. Nanofluid preparation

Because of the wide variety of uses they have, graphene oxide nanoparticles, also known as GONPs,
have gathered a lot of attention. Ultrasonication was the method that was utilized during the
production of GONF (Graphene Oxide Nano Fluid). There are several outcomes that may be achieved
through the utilization of ultrasonic nanoparticle dispersion. The most straightforward strategy
involves dispersing materials in liquids in order to break up agglomerates of particle clusters. The use
of ultrasound during the synthesis of particles or the precipitation of such particles is still another
method. In addition, ultrasonic cavitation facilitates an improvement in the material transfer that takes
place at particle surfaces. Because of this effect, the surface functionalization of materials that have a
high specific surface area can be improved. GONP were subsequently distributed in water as a result
of the ultrasonication process. Prior to the ultrasonication process, the nanoparticles were exposed to
treatment on the heating surface for at least an 1 h at a temperature of 200 ° C to eliminate any trace
of moisture that may have been present in the nanoparticles [24]. After the application of the pre-
treatment, which consisted of heating the particles, the nanoparticles were put through 420 min of
progressive and steady sonication at a frequency of 25 kHz. For the purpose of dispersing the
nanoparticles and incorporating them into the PV/T, the ultrasonication approach was used. Due to
the fine dispersion, the colour of the combination should be changed after the sonication process [30-
32]. The correct mixing of the ingredients may be achieved by continuing the ultrasonication process
without a break for at least seven hours. Table 1 shows the properties of the nanofluids.

2.2. Experimental setup

In order to carry out this research, an experimental setup consisting of two solar collectors was
established. One of the solar collectors consisted of solely a photovoltaic (PV) module, while the other
consisted of a PV module in conjunction with a thermal collector. The 'k’ type thermocouple, the flow
meter, the storage tank with a capacity of 15 L, the pump, the compressor, the flow control valve, and
the heat exchanger unit were the instruments that were utilized. Fig. 1 shows the experimental layout.
The testing apparatus was made up of a polycrystalline PV module with a power output of 60 W and a
heat collector constructed out of a copper tube with an outer diameter of 13.5 mm and an inner
diameter of 11.5 mm. A copperplate that is 6 mm thick is used to make the connection between the
back of the PV module and the thermal collector. A flow control valve was used to adjust the flow rate
of the fluid, and a flow meter was used to determine how much fluid is being moved through the
system.



Table 1 Properties of nanofluid.

nanoparticle GPRO
Diameter 2327 nm
Surface area 405 m*/g
Purity 99 %
Thermmal conducdvity 3000 W/mE

A heat transfer unit was used to bring the temperature of the water down so that it may be reused in
the system. This allows the water to be recycled. A thermocouple was utilized in order to obtain
readings regarding the temperature of the panel’s surface as well as the fluid on both the input and
output sides. Through the utilization of a data collection system, the real readings were acquired,
recorded, and preserved in the central processing unit. (DAQ) [33,34]. Table 2 shows the specifications
of experimental test rig. The Hoffman electroplating device was put to use in this investigation so that
hydrogen gas can be produced. In order to determine the level of purity of the hydrogen gas that was
generated, a hydrogen quality tester was utilized. The tests were conducted from 9:00 A.M. to 4:00
P.M. on hourly intervals at the month of June 2022. In addition to the production of electricity, this
study makes use of Hoffman’ s hydrogen production system to produce hydrogen, which was then
analyzed in terms of its contribution to the overall production rate of the solar-assisted hydrogen
production system [25]. The use of electrical energy allows for the separation of water into its
component gases of hydrogen (H;) and oxygen (O;) in this system. During this process, the PVT solar
collector was where the energy for the electrical generator was collected.

The following formulas were used for the calculation of electrical output, electrical efficiency and
specific heat.

H: Electrolyser

Reservoir MNanofluid out

MNanofluid inle

Heat High pressure Pump Flow
Exchanger 5 regulator
B0 —
- N

Nanofluid container

Fig. 1. Experimental layout.

The electrical output [34] given by

Po= (VDA ] (1)



The maximum power [34] output
P i = V*1 (2)
@, =hCy (T. - T; (3)
Where:

Specific heat od nanofluid (Cnf) [35] can be expressed as below

o P + Pyl — @) (a)
p,@ +p,(1 - @)

Electrical power is represented by

o % 100 (5]

The electrical effciency of the panel due to solar irradiance (nesr) [36] can be measured by dividing with
power out as follows,

b =— (&)

Table 2 Specification of PVT Instrumentation.

Number of tubes 20
Copper mube mner diameter 11.5
Cuter diameter 13.5
Cutput power 60 W
Copperplate depth 8 mm
Thermocouple k-Type
Thermal collector type Copper sheet/tube
Pump DC
Vaoltage sV
Short cirewit Current 2.5 Amp
Depth of the copper plate 8 mm

3. Results and discussion

The heat transfer qualities of the resultant nanofluid are impacted not only by the thermophysical
properties of the added nanoparticles but also by those of the base fluid. The precise formulation of a
nanofluid has a significant impact on the varied thermal conductivity characteristics of the nanofluid.
Due to the fact that the density, viscosity, and thermal conductivity of a nanofluid each play a
significant influence on the features of the nanofluid’s heat transfer, the initial tests focused on
analyzing these qualities. In the testing, the nanofluid was tested at temperatures ranging from 30 °C
to 60 °C. This temperature range corresponds to the conducting range of the system. The properties
calculated for the nanofluid proportions were calculated for the reference air and water. In addition



to it, the PV Panel temperature, outlet fluid temperature, thermal efficiency, electrical efficiency, and
hydrogen production rate were also measured.

3.1. Density

Fig. 2 illustrates how the density of the fluids that were sampled at different temperatures, ranging
from 30 ° C to 60 °C, fluctuates. The density will increase in direct proportion to the number of
nanoparticles that are added. When compared to the density of air, water has a higher specific gravity.
Nanoparticles combined with water have a higher density than air. According to the findings,
increasing the nanoparticle percentage led to a rise in the nanofluid density, whereas an increase in
temperature led to a decrease in the density [28]. The lowest density was for air while the highest was
for the higher nanoparticles rate of 1.2 g/s. The Water + 1.2 GP nanofluid had the density values at the
temperatures of 30 ° C, 40 °C, 50 °C and 60 °C were 1.0063 g/s, 0.9942 g/s, 0.99 g/s and 0.9857 g/s
respectively.

3.2. Viscosity

The impact of heat on the viscosity of the nanofluid, air, and water were qualitatively comparable.
However, the rate at which the nanofluid’s viscosity decreased with a rise in temperature is dependent
on the concentration of nanoparticles in the nanofluid. It was proved that directly increasing the
concentration of nanoparticles in a liquid can have an effect on the liquid’s internal shear stress.
According to the findings of this study, a rise in temperature reduces the adhesion forces between the
molecules, which, in turn, results in lower shear stress. The relationship between viscosity and
temperature is illustrated in Fig. 3, which can be found below. The viscosity values of air at all
temperature were lower than the other used fluids. The second higher rate was for water than it was
for used nanofluids. As the added nanoparticles level was increased, the viscosity of the nanofluids
was also increased [28,37]. The 1.2 g GP added water viscosity at the temperatures of 30 °C, 40 °C, 50
°C, and 60 °C were 1.015 mPas, 0.958 mPas, 0.932 mPas, and 0.917 mPas respectively. The least
viscosity was found in the air with values of 0.975 mPas, 0.924 mPas, 0.91 mPas and 0.906 mPas.

3.3. Thermal conductivity

To attain greater thermal conductivities in nanofluids in comparison to those of the base fluid is the
primary objective of the research that is being done on this topic. The increase in thermal conductivity
seen in Fig. 4 is directly correlated to both an increase in temperature and an increase in the
concentration of graphene nanoparticles. A higher temperature significantly accelerates the rate at
which particles collide, leading to a greater accumulation of kinetic energy in the system. The same
pattern that we noticed in the density of the used coolants was observed in thermal conductivity too
[37,38]. The lowest was in the air and the highest was in the water with 1.2 g/s GP nanoparticles
concentration. The thermal conductivity higher order goes in the order of air, water, water + 0.8 g/s,
water + 1.0 g/s, and water + 1.2 g/s. The values of the water + 1.2 g/s were 0.673 W/mK, 0.694 W/mK,
0.71 W/ mK, and 0.723 W/mK at the temperature from 30 °C to 60 °C with 10 °C-intervals.
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3.4. Cell temperature

Fig. 5 shows the cell temperature variations at various test conditions. The tests were carried out at
regular intervals of one hour from 9:00 A.M. to 4:00 P.M. The cell temperature is the same as the
temperature of the photovoltaic panel, and it indicates how much of its irradiation is provided by the
sun. Regardless of the results of the samples, it is a well-known truth that the temperature is lower at
eight in the morning, that it steadily increases until 12 P.M., and that it then drops again in the evening.
It was observed that there was a corresponding shift in the panel’s temperature. The temperature of
the cell was found to be at its lowest at 8.00 A.M., and at its greatest at middle of the day [35]. The



respective temperature variation of air from 9:00 A.M. to 4:00 P.M. were 60 °C, 62.5 °C, 67.5 °C, 72 °C,
68 °C, 66.4 °C, 62 °C, and 61.1 °C. As the day time goes, the cell temperature reduces due to the
radiation reduction from the sun and also as the amount of given nanofluid is increased, the panel cell
temperature is reduced due to the dispersed nanoparticles that absorb the cell temperature. the panel
temperature is effectively reduced by the use of water + graphene nanoparticles [33]. Through
convection and conduction mode the heat is transferred from the PV panel cell.
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3.5. Fluid outlet temperature

Calculating the thermal conductivity of various substances, such as air, water, and utilized
nanoparticles enable one to determine the efficacy of those substances. The sample will have a better
capacity to absorb heat from the photovoltaic cell in proportion to the thermal conductivity it
possesses. If the temperature of the cell is lower, then the amount of outflow fluid will have a greater
temperature. Fig. 6 shows the variance in the fluid outlet temperature with respect to time of the day.
The highest fluid outlet temperature was noted at 12:00 P.M. since the global temperature is highest
at that time and the heat absorption by the samples used to collect the greater heat in it and thus the
outlet temperature is increased [34,41]. The increased mass flow rate of the nanofluids increased the
amount of heat transfer. The water with the 1.2 g/s graphene nanofluid showed the highest transfer
rate with the peak fluid outlet temperature. The highest temperature of the fluid used air, water, water
+0.8 g/s, water + 1.0 g/s, and water + 1.2 g/s were 34.3°C,37°C, 38.2 °C, 39.5 °C and 42 °C respectively.
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Fig. 6. Fluid outlet temperature for various samples.

3.6. Thermal efficiency

The quantity of thermal efficiency that the utilized sample possessed at various times of the day is
shown in a straightforward and concise manner in Fig. 7a. The thermal efficiency of the fluid that is
being utilized is dependent not only on the thermal conductivity of the fluid but also on the
temperature at which the fluid is being let out. Because of the increased number of nanoparticles that
come into touch with the PV panel surface when the mass flow rate is high, there are more points of
contact between the fluid and the surface of the panel. This causes an increase in the temperature at
which the fluid exits the panel. The fluid outlet temperature and the thermal conductivity of the
samples both follow the same pattern, which is also followed by the thermal efficiency of the samples
[26]. According to the same pattern, the most effective time for all of the samples was determined to
be 12.00 P.M. in the afternoon. It was found that water combined with 1.2 g/s nanoparticles had the
highest efficiency. When compared to air and water, the water with nanoparticles added had a higher



thermal efficiency [36,40], and this was observed even at a mass flow rate of 0.8 g/s. The lowest
thermal efficiency was noticed in the air sample with values of 18.5 %, 22.5 %, 24 %, 27 %, 25.2 %, 23
%, 22.2 %, and 21.6 % respectively from 9:00 A. M to 4:00 P.M. The water + 1.2 g/s sample values were
25 %, 28.2 %, 31 %, 33.4 %, 32.5 %, 30 %, 28.8 % and 28 % respectively.

3.7. Electrical efficiency

The fluctuation in the electrical efficiency provided by the samples that were obtained throughout the
day is depicted in a clear and concise manner in Fig. 7b. The thermal conductivity of the fluid, the
temperature of the fluid outflow, and the temperature of the PV wall all have a role in determining the
electrical efficiency of the fluid. The fluid’s electrical efficiency improves in direct proportion to the
decrease in wall temperature [44]. Because of how well the fluid absorbs heat from the PV wall, the
rate at which heat is transferred is precisely proportional to the temperature at which the fluid exits
the system. The gradual variance in temperature was observed in all kinds of samples used. Thermal
efficiency is linked to electrical efficiency so similar results are only obtained in the models used. With
respect to global solar radiation, the temperature and thus the electrical efficiency were changed
[34,42]. From morning 9:00 A.M. to 12:00 P.M., the electrical efficiency was increased and reached its
peak value at 12:00 P.M., then it started to reduce. The highest and lowest electrical efficiency
obtained by water + 0.0012 g/s graphene nanofluid and air were 2.9 %, 5.2 %, 6.91 %, 8.6 %, 7.4 %, 6.9
%, 6.52 %, 6.2 % and 2.3 %, 4.4 %, 6.3 %, 7.32 %, 6.6 %, 5.9 %, 5.5 %, 5.3 % respectively.

3.8. Hydrogen flow rate

Electrolysis is the process that is utilized to create hydrogen by the separation of water into its
component oxygen and hydrogen atoms. In this instance, the photovoltaic panel was utilized to
generate energy, and the electricity that was generated was put to use in the generation of hydrogen
via PEM electrolyser. Fig. 8 depicts the production rate of hydrogen based on the different global
radiation.
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The pace of hydrogen synthesis picked up alongside the rise in the amount of power generated. The
variation in the amount of power that was obtained was in relation to the temperature change.
Similarly, the rate of hydrogen generationunderwent some adjustments as well [39]. The maximum
rate of hydrogen generation was observed around twelve o’clock in the afternoon, while the lowest
rate was measured at four o’clock. The water with a higher mass flow rate of graphene nanoparticles
at 1.2 g/s produced greater hydrogen than other samples used at 12:00 P.M. with the value of 17.4
ml/min [43]. The lowest production of hydrogen was seen in the air sample throughout the day.

4. Conclusion

The experimental research was conducted in a PVT solar system, and the power generated was put to
use in an electrolysis process to generate hydrogen. In addition, a variety of samples were utilized in
an effort to improve the efficiency of the PVT solar system. Air, water, and water with 0.8 g/s, 1.0 g/s,
and 1.2 g/s added were the samples that were utilized. It was determined how effective the fluids that
were employed were. During the day, the recordings were made between the hours of 9:00 A.M. and
4:00 P.M. At first, the characteristics of samples that were going to be utilized were examined, such as
their density, viscosity, and thermal conductivity. After that, the temperature of the cell, the
temperature of the fluid outlet, the electrical efficiency, the thermal efficiency, and the rate of
hydrogen generation were determined. The findings make it quite obvious that the outcomes mostly
differed depending on the time of day, which can be understood and concluded from the findings
themselves. The performance of the system was significantly improved by the application of
nanofluids. Specifically, the mass flow rate of graphene nanofluids that are employed will determine
the level of improvement in performance that may be expected. When compared to air and water, the
water that had 1.2 g/s nanoparticles added to it showed the highest electrical efficiency, thermal
efficiency, fluid outlet temperature, and hydrogen production rate with the values of 8.6 %, 33.4 %, 42
°C,and 17.4 ml/minat 12 P.M. This is due to the fact that at that time only the available solar radiation



is at its highest level, making it possible for the system to effectively convert heat. From the above
findings it is clear the use of the nanofluids can be the potential option to increase the thermal
efficiency of the system and the opportunity to produce hydrogen via the electrolysis process was
highly desirable.
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