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ARTICLE INFO ABSTRACT

Keywords: This paper simulates a simple solar panel and the solar panel with a cooling system. The present
Economic analysis paper aims to perform an economic and exergy study of PV and PVT 250 W and to compare the
Exergy return on investment for the operating conditions in China. PVT working fluid is MgO/water
;(;l:;gj;:fl nanofluid. PVT cooling system includes a special arrangement of copper tubes placed at its bot-
BVT tom, which cools the panel and produces hot water. COMSOL Multiphysics software and finite

element method are employed for numerical analysis and simulation of solar panels. An in-house
code is MATLAB code and meteorological data from China are used for economic analysis. The
variables include the volume percentage of nanoparticles that is between 0 and 1% and the
volume flow rate from 0.5 to 4 lit/min. The results of this study show that enhancing the
nanofluid flow in the cooling system makes the panel cooler and reduces the amount of exergy
output. The addition of nanoparticles, especially at low nanofluid flow rates, enhances the exergy
output. The trend of changes in exergy efficiency with the variations of volume percentage of
nanoparticles and volume flow rate is similar to that of the exergy output. The results demon-
strate that an increment in the flow rate from 0.5 to 4 lit/min reduces the efficiency by 2.03%.
Adding 1% nanoparticles increases the exergy efficiency by 0.45% at a volume flow rate of 0.5 lit/
min. The economic analysis of the solar panel shows that the investment recovery is 6 years for PV

and 4 years for PVT.

1. Introduction

Energy is one of the serious problems affects the human future. The rising need of energy to provide welfare for human beings has
led different countries to explore different energy sources [1,2]. Today, most of the energy needed is provided by fossil fuels.
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Consumption of natural fuels has caused widespread pollution on the Earth. Fossil fuels, on the other hand, are a non-renewable
resource. Thus, finding a reliable and renewable energy source for the future will be one of the human challenges that will affect
many countries [3]. Some countries have replaced their energy sources several years ago. Sources such as wind, sea waves, and the sun
are among the renewable resources [4-6]. Meanwhile, solar energy has received more attention than other renewable energy sources
[7-11]. Some countries have also made huge investments in this field. Researchers have also investigated this field and have aimed to
improve this field of science with their suggestions and studies. Some researchers have done studies on solar collectors, desalination
plants, PVs, etc. [12-15]. PVs have attracted the attention of many researchers and many articles have been published [16-19]. The
low efficiency of the panels has led researchers to explore different solutions to enhance the efficiency of these devices. One of the
effective solutions is to cool the panels using different methods that have been done by different researchers [20]. Meanwhile, using
liquids to cool the panel and to heat the house, and convert the panel to a solar water heater is one of the popular methods among
researchers. Various investigations have been conducted in this field so far [21]. Khanjari et al. [22] studied a PVT hybrid system
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Fig. 1. (a) Schematic of the solar system with PVT.
(b) The arrangement of tubes under the solar panel.
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numerically by using liquid as a coolant. The cooling system consisted of a water pipe and an absorber plate. They found that an
enhancement in the fluid inlet velocity intensifies the heat transfer efficiency. To study different case studies, the investigators use two
experimental and numerical methods in the field of heat transfer. Among them, the numerical method has been considered by many
researchers due to its much lower cost than the experimental approach [23-27].

Researchers have employed nano technology in their investigations for more than two decades [28-31]. Nanofluids have been used
by researchers in many articles in recent years [32-36]. Many of these studies confirmed that the use of nanofluids can improve heat
transfer [37-41]. Nanofluids have been used in enclosures, heat exchangers, air conditioners, heat sinks, etc. [42-46]. Solar devices are
one of the equipment in which nanofluids are widely used and many articles have been published in this field [47-51]. Some re-
searchers have also used different nanofluids in PVTs [52-54]. Aberoumand et al. [55] examined a PVT system experimentally. Their
system was cooled by a stream of silver/water nanofluid. They found that using nanofluid improves the efficiency of the solar system.
They reported that an increment in the percentage of nanoparticles, as well as the nanofluid mass flow rate, improves the efficiency of
the system. Due to the importance of studying the exergy of various devices, some researchers also studied the exergy in solar systems,
especially PVTs [56,57]. Maadi et al. [29] examined a PVT system in the presence of nanofluids in terms of exergy analysis. They used
different nanofluids with different values of ¢ for cooling and demonstrated that the addition of nanoparticles improves the exergy
efficiency.

The importance of solar energy has been well known for researchers since it is permanent, safe, reliable, and available. Among
different energy devices, solar panels have become more popular due to their ease of use. However, due to the low cost of electricity in
many countries around the world, as well as the inability of these devices to generate electricity for 24 h a day, solar devices are still not
widely used in various countries. On the other hand, with the wide range of studies on solar energy, less attention has been paid to the
exergy and economic aspects of these devices. Therefore, in this article, the exergy and economic evaluation of a PV and PVT is
performed numerically. This study is conducted using meteorological data as well as prices in the Chinese market. The fluid flow in the
PVT is MgO/water nanofluid. Finally, the exergy values and the investment recovery time for PV and PVT systems are investigated. For
the PVT system, the nanofluid flow rate changes from 0.5 to 4 lit/min, and the percentage of nanoparticles varies up to 1%. The effect
of Q on panel temperature is also studied.

2. Problem description

The solar panel (Fig. 1) is a 250-W panel with dimensions of 163.8 cm x 99.2 cm. The present study evaluates a simple panel and
the one with a cooling system (PVT). The PVT (Fig. 1) system operates in a cycle that provides hot water. A schematic of this cycle is
given in Fig. 1a. To fabricate the PVT system, a heat exchanger is placed under the panel. The heat exchanger consists of a copper plate
with a diameter of 12.88 mm and a length of 13.5 m, which is located with a special arrangement at the rear of the panel. MgO/water
nanofluid flows in the tubes. The variables include the volume percentage of nanoparticles ranging from 0.1 to 1% and the volume flow
rates of 0.5-4 lit/min.

2.1. Governing equations

The governing equations for.

Newtonian, incompressible, and homogeneous fluid.

Laminar and steady flow.

Gravity and viscosity loss are neglected.

The interaction forces between nanoparticles and fluid are ignored.
can be expressed as follows [58,59]:

V.(pyv) =0 ¢)
V.(puvv) = = VP + V. (1,sVv) (2)
V. (puvepntT) = V. (knt VT) 3)
V.(k'VT)=0 @

The values of v, P, and T represent velocity, pressure, and temperature, respectively. Besides, p is the density, k thermal conduc-
tivity, cpspecific heat capacity and y is dynamic viscosity. The nf index refers to the nanofluid and kis the thermal conductivity of the
solid.

2.2. Nanofluid equations

In this paper, MgO/water nanofluid is used as a working fluid in the solar cycle. The thermal conductivity nanofluid is calculated
using the correlation presented by Esfe et al. [60] based on experimental data:
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where bf represents the base fluid (water), d, is nanoparticle diameter which is equal to 40 nm and ¢ is the volume percentage of
nanoparticles. Also, to estimate the viscosity, another experimental model is used, which has been presented by Khodadadi et al. [61]:
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Hop
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Other required properties of nanofluids and their relationships are as follows:

Por = (1= @)p; + Pp, 7)

(pes) e = (1= @) (pep), + @ (pcy), ®

The values of properties are given in Table 1 for water and MgO.

2.3. Exergy analysis

The following equation represents the relation between output, input, and exergy loss [64-66]:
Ei in—Ex our = Ex tos @

The exergy efficiency can be expressed using the following equation, i.e. the ratio of the total output exergy to the total input one
[64-66]:

E,
output ( 1 0)

Xinput

;1(’.\’ =

For the solar panel, input exergy is [64-66]:

4/(T,\ 1/T,\*
Ex,,, =AXGX |:1—§<F> +§<F> :| (11)

Index a represents the environment and index s represents the panel surface.
Output exergy is also defined as follows, i.e. the sum of thermal exergy and electrical one [67]:

E + Exca 12)

Xour — EX//T(’/‘/HU[

Since the amount of electricity received from the panel is the output exergy, it is necessary to calculate the thermal exergy, which
can be calculated from the following relation [67]:
T,
ad -t 13
3 o

¢

E,

thermal —

The value of Q can be obtained as follows [67]:

@=UA(T.-T,) a4
where U is the overall heat transfer coefficient, which for the panel includes radiation heat transfer coefficient and convective heat
transfer coefficient, and is obtained using the following equation [67]:

U =heopy + hyaa (15)

The convective heat transfer coefficient is [67]:

Heony =2.8 + 3v (16)

Where v is the wind speed. The radiation heat transfer coefficient between the solar panel and the surrounding can be obtained using
the following equations [65]:

Table 1
Properties of water and MgO nanoparticles [62,63].
Cp(J /kgk) k(w /mKk) p(kg /m3) p(kg /m.s)
Water 4179 0.613 997.1 0.001
MgO 937 54.9 3580 -
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hmd—Z = 178(Tm - Ta) (18)

To obtain the values of radiative heat transfer coefficient, it is necessary to determine the sky temperature, which can be calculated
as follows [65]:

Ty=T,—6 19
Finally, the relation between the surface temperature of the solar collector can be written as follows [68,69]:

_ chG(TgOl - 773,) + (heomTu + hraa—2T))
Reony + Praa—2

T. (20)

where Pgis the value of the packing factor for the solar module and index b represents the back of the panel.
The inflow exergy for the collector surface is [65,70]:

> Ew—Y (B, +E,)=)_E, (21)

T, +273
R B Pl
E, =@, (1 T+ 273) (22)
E. =n_XAXN,xG x 17& L +154 (23)
o =l 3\7) 37
E—‘PVT = EXm + Eva (24)

where Ej, is input exergy, E,, is panel exergy, Ey, is thermal exergy, Ey,,, v is PVT exergy, N. is the number of collectors, T; is solar
temperature and E,, is exergy destruction.
Finally, the exergy efficiency can be expressed as follows [65,70]:

E,
Ne=1-—% (25)

Xin
All the constant values required in the above relations can be seen in Table 2.
2.4. Economic analysis

Annual worth (AW) is the difference between profit (income) and annual expenses [71,72]:

AW=B, —Cy (26)

where B, is annual income and C, is an annual cost.
The annual value relation for the solar system can be defined as follows [64]:

(AW)py,, = —(c+1ic)(A/ P,i,N) —Aw. — (Copc) (A / F,i, N) 27)

where I¢ is the initial cost, I¢ is the installation cost, A/P is the recovery factor, i is the interest rate, N is the lifetime, A, is the annual

Table 2

Constant values for exergy relations [65,70].
Symbol Value
A A 1.64
Ni,N. 1
& 0.88
& 0.95
B 15
Cp 4185.5
Ts 5777
v 1.1
T 0.96
a 0.90
Py 0.8
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cost, A/F is the change of aluminum coating.
To solve the above equations, any one-time payment or income must be converted into an equivalent period using the recovery
factors A/P,i,N and A/F. Hence [71,72]:

i+
A/P_(1+i)N—l (28)
i
A/ T A (29)

3. Numerical solution method and boundary conditions

COMSOL Multiphysics 5.4 software and finite element method are employed for simulating nanofluid flow and thermal solution.
First, the PVT geometry is sketched and meshed using COMSOL Multiphysics software. The grid generation is done using hexagonal
elements. An example of a grid on a PVT heat exchanger is shown in Fig. 2. Then, the equations are solved by using the radiation and
heat transfer modules. For economic studies, an in-house code is employed using MATLAB software. The economic analysis is per-
formed using COMSOL Multiphysics software outputs and China weather data. The amount of heat flux applied to the panel is assumed
to be 500 W/m?2. The fluid enters the tube at a constant velocity and temperature of 293 K and exits at a constant pressure.

4. Grid independence test and validation

To solve the governing equations, it is necessary to perform a grid study. Hence, the maximum panel temperature is calculated for
Q = 4 lit/min and different grid resolutions. The results are given in Table 3. According to the table, it can be seen that there are no
changes in the results when the number of elements is larger than 3.8 million; thus, this grid is selected for further simulations.

To verify the present simulations, the Nusselt number is calculated and compared with the results of Saffarian et al. [73] who
studied a solar collector at different Reynolds numbers (Fig. 3), indicating that the present simulations result in reasonable results. In
the above article, the impact of different tube arrangements on the efficiency of a solar collector was investigated. They used alu-
mina/water and copper oxide/water nanofluids for their research. In the figure, the values of the Nusselt number are calculated for
different Reynolds numbers and compared with the results reported by this paper. The comparison is performed for the collector with a
U-shaped tube arrangement.

5. Results and discussion

The results are discussed in three sections: thermal, exergy, and economic analysis.

Fig. 2. An example of a grid stacked for PVT geometry.
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Table 3
Maximum panel temperature for Q = 4 lit/min and different grid resolutions.
Number of elements (million) 2.1 2.6 3.0 3.4 3.8 4.3
Maximum panel temperature 315.17 309.87 307.54 305.64 305.12 305.09
160 1
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Fig. 3. Nusselt number as a function of Reynolds number.

5.1. PVT thermal analysis

Fig. 4 demonstrates the temperature contours for the solar panel when the flow rate is 0.5 and 4 lit/min. It can be seen that the panel
has a lower temperature at the inlet and a higher temperature at the outlet. Due to the special arrangement of the tubes, the panel
becomes warmer when water flows in the tubes and its temperature is increased. An increment in the temperature leads to that the
fluid does not receive considerable heat from the panel, so the panel gets warmer. At a higher flow rate, the panel is significantly colder
than the panel with a lower water flow rate so that the maximum temperature of the panel is dropped sharply. Enhancing the water
flow causes the fluid to circulate faster in the tubes and collides with the tubes at a lower temperature compared to lower flow rates.
Hence, water can cool the panel properly. Also, higher flow rates of water lead to that it exits the solar panel at a lower temperature.

5.2. Exergy analysis

Fig. 5 shows the output exergy for water and nanofluid with ¢ = 3% and different values of Q. It can be seen that the addition of
nanoparticles to water intensifies the amount of output exergy. The increment in the temperature at the outlet is the most important
reason for this enhancement in fluid temperature at the outlet. The difference between the fluid temperature at the outlet and the
ambient temperature enhances the workability of the fluid and as a result the amount of exergy. As the output temperature of the fluid
reaches the ambient temperature, it reaches the dead state and the amount of fluid exergy becomes zero. Initially, a sudden increase is
observed in exergy output by adding 0.1% nanoparticles. The addition of more nanoparticles leads to that the increase in exergy output
has a smaller trend. At lower volume flow rates, the increase in exergy output is higher. The addition of nanoparticles reduces the heat
capacity of the fluid, which causes the addition of nanoparticles to enhance the exergy output by up to 1%. At a flow rate of 4 lit/min,
adding 1% nanoparticles reduces the amount of exergy compared to 0.1% nanoparticles. An increment in the flow rate leads to a
permanent decreasing trend in the exergy. Enhancing the fluid velocity causes the fluid to have less time to exchange heat with the
panel and as a result, its temperature enhancement is reduced. Thus, the exergy output decreases at higher flow rates. However, at
higher flow rates, the decreasing trend of exergy is reduced with the flow rate.

Fig. 6 demonstrates the exergy efficiency for water and nanofluid with ¢ = 3% and different amounts of Q. It can be seen that the
amount of exergy efficiency for the solar panel is low. For the best case, i.e. ¢ = 1% and Q = 0.5 lit/min, the exergy efficiency is less
than 13%. An increment in the Q from 0.5 to 4 lit/min reduces this amount so that the amount of exergy efficiency changes from 11.9%
to 9.87%. The addition of nanoparticles is generally enhanced the amount of exergy efficiency. The highest increase in exergy effi-
ciency corresponds to low values of Q. The addition of 1% nanoparticles intensifies the amount of exergy is improved by 0.45% at Q =
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Fig. 4. Temperature contours on the solar panel at Q = 0.5 and 4 lit/min.
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Fig. 5. Output exergy for water and nanofluid with ¢ = 3% and different values of Q.
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Fig. 6. Exergy efficiency for water and nanofluid with ¢ = 3% and different values of Q.

0.5 lit/min. As the distance between the outlet temperature and the ambient temperature increases, the exergy is enhanced, leading to
reach a higher temperature than the dead state and a greater amount of fluid workability. Hence, the fluid temperature can be used for
different applications. The addition of nanoparticles causes to reach a state far from the dead state and as a result, more workability can
be obtained for the nanofluid.

5.3. Economic analysis

Solar energy systems are generally classified in the group of high initial cost and low operating costs in comparison with water
heaters and electric systems which have a relatively low initial cost and high operating costs. Solar water heating is highly efficient
over a long period. One of the main reasons is the lack of fuel requirement and its cost preparations. Besides, a side effect of using solar
systems is environmental protection. The cost-benefit analysis is based on the annual worth method, which consists of two parts, in
which case the cost of a solar system is compared to the cost of an electric water heater. The electricity produced in the cell is also
analyzed separately. Current costs in China are used to purchase equipment, as well as installation and maintenance costs. These costs

Year

—
wn

® Total cost
B 5 years cost

(=}

(=]

200 400 600 800 1000 1200 1400 1600
Cost (US $)

Fig. 7. Cash flow diagram for PV system from the installation time until 25 years later.
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are expressed in US dollars.

5.3.1. Economic analysis of a PV system

An economic analysis typically discusses the system repayment period or the time of investment recovery of the system. In this
work, two modes are analyzed: the solar PV panel and the PVT system with the nanofluid flow. This analysis gives a clear under-
standing of the period of investment recovery for the two systems. For this purpose, equations (26)-(29) are employed and the system
is analyzed by drawing a flow diagram. A cash flow diagram is drawn in Fig. 7 for the solar panel system. Using the results of
meteorological data [74]for China, it can be predicted that the investment cost will return in a 6-year period. Calculations are done by
considering the 10% interest. Finally, these results are obtained using some assumptions.

Fig. 7 reveals the cash flow diagram of a PV module from the installation time until 25 years later. In this figure, the 5-year cost is
considered and also the total cost in each 5-year period is given. Maintenance cost is considered as much as 23.46$ for each 5-year
period. The cost is zero in the first year and is 23.45$ for the installation cost. Also, the cost of fuel is considered zero. The cost of
the panel and its equipment is estimated 411.25$. Also, the amount of 100$ is considered for the general maintaining of the solar panel
system for 10-year periods. To calculate the annual interest, the average PV output for 6 h is calculated using the annual Chinese
weather data [74]. This interest for a 6-year period of the panel is 123.06 $. Also, considering the cost of 1 kWh of electricity in China,
which is 0.084 $/kWh for home use [75], the calculations are performed for the 6-year initial costs.

5.3.2. Economic analysis of PVT system with nanofluid flow cooling

The cost of purchase and insulation of the solar panel and the cost of nanofluid for a PVT system is estimated as 422.22 $ and 540 $,
respectively [76]. This amount of nanofluid is required for the system to work so that the minimum value of nanofluid required is 4 L.
Fig. 8 demonstrates a PVT cash flow diagram cooled with a nanofluid from start-up until 25 years later. The costs are given at different
years. Costs include purchasing and installing the initial system as well as the cost of purchasing nanofluids. Also, during the 5-year
period, considering the sedimentation of nanoparticles, an additional cost plus 5-year maintenance cost are added, which is 445 $. The
initial installation cost is the same as the previous system, i.e. 23.64 $. Also, the current cost of the system is zero per year.

To calculate the annual interest, the simulation results, as well as meteorological data, are considered for 6 h in a day. Due to the
higher efficiency of the PVT system, the investment recovery time is reduced to 4 years. This is acceptable due to the higher cost of this
system compared to a simple panel. Finally, by performing economic analysis and also an enhancement in the life of the panel due to its
cooling, it is concluded that the PVT system can be used for more years than PV due to its higher advantages.

6. Conclusions

In the present paper, PV and PVT systems are simulated and their exergy and economic analysis is performed. The working fluid of
the PVT system is MgO/water nanofluid flowing in a specific arrangement of copper tubes. By changing the Q and ¢, the amount of
exergy output, exergy efficiency, and investment recovery time are analyzed and the following results are obtained.

1 An increment in the working flow rate in the heat exchanger system in PVT, cools more the panel.

2 Enhancing the fluid flow rate in the heat exchanger system in PVT reduces exergy output. Increasing the volume percentage of
nanoparticles enhances the exergy output. The maximum exergy output is obtained for 1% nanofluid at a flow rate of 0.5 lit/min.

3 An enhancement in the fluid flow rate of the heat exchanger system in PVT reduces the exergy efficiency so that increasing the
water flow rate from 0.5 to 4 lit/min reduces the exergy efficiency by 2.03%.

4 The addition of nanoparticles enhances the exergy efficiency so that adding 1% MgO to water at a flow rate of 0.5 lit/min enhances
the exergy efficiency by 0.45%.

5 Maintenance cost and the initial cost of PVT system is more than PV, while investment recovery is 6 years for PV and 4 years for
PVT.

According to the case study, i.e. China, this study can be done for different countries to obtain estimation for the efficiency of solar
systems economically. Besides, other cooling systems can be evaluated for the solar panel to investigate its effect on PVT exergy output.
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