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Thermal photovoltaic systems are used to harness solar energy to generate electricity and thermal at the same time. In this
technology, electrical efficiency is very low compared to thermal efficiency; as the cell surface temperature rises, the electrical
efficiency decreases, so one of the ways to achieve high efficiency is exergy analysis. Exergy analysis of a process or system
shows how much of the ability to perform the work or input exergy has been consumed by that process or system. In this
research, an ordinary thermal photovoltaic panel with air cooling has been examined for exergy. To do this, it has identified
the effective performance variables from a mechanical point of view, which are inlet air temperature, inlet air flow, and length
(number of modules that are connected in series). The effect of changing each of the variables based on Saveh weather
conditions has been simulated using MATLAB software. The results show that the exergy efficiency of the panel decreases with
the inlet air temperature increasing. It was also observed that the optimal airflow is 0012 (kg/s) and will have the highest
efficiency per 8.8m length.

1. Introduction

Energy is a basic need for continued economic development,
human welfare, and comfort. World energy consumption
has increased from 10 Gtoelyr crude oil to 14 Gtoelyr by
2020 and is projected to multiply in the near future. Will fos-
sil energy sources meet the world’s energy needs for survival,
growth, and development in the next century [1–3]? Rising
air pollution, including carbon dioxide, has left the world
with irreversible and threatening changes, with conse-
quences such as global warming, climate change, rising sea
levels, and escalating international conflicts [4–6]. On the

other hand, due to the destruction of fossil resources and
the prediction of rising prices, policymakers and researchers
should think about controlling the environment and renew-
able sources because these resources are compatible with
nature and there is no end to them. Other features of these
resources, their dispersion, expansion around the world,
the need for less technology, and renewable energy have
become more attractive, especially for developing countries
[7–10].

Therefore, renewable energy sources have been given a
special role in international programs and policies, including
UN programs, for sustainable global development. But
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adopting renewables, with the current system of world
energy consumption, it is still associated with problems that
have been addressed by a significant amount of world scien-
tific research in recent decades [11, 12]. Wolf introduced the
basic concepts of PVT collectors in 1970 [13]. Zhang et al.
used a computer simulation of the amount of solar radiation
absorbed and the amount of infrared emission in thermal
photovoltaic transducers working with weather-working
fluid to be less than the type working with water-carrying
fluid [14]. Researches examined the exergy performance of
a greenhouse-connected photovoltaic module and provided
an exergy efficiency of 4% for the system [15, 16]. The exergy
and energetic analysis of a thermal photovoltaic cell without
a glass cover was conducted. The use of a glass cover is suit-
able for the photothermic process. If the use of cover is not
suitable for the photovoltaic process and due to various
applications, it is not possible to determine exactly which
one is more economical to use [17, 18]. The electrical and
thermal efficiency of a PVT collector with air-operated fluid
was determined. They supplied the required power to the fan
directly from the photovoltaic panel and showed that there is
the highest efficiency for the two collectors in the case of
using two fans [19, 20]. Researches evaluated and optimized
the performance of a photovoltaic array from the perspective
of exergy. They show that the best state occurs when the
temperature of the photovoltaic modulus is close to the
ambient temperature [21–23]. Finally, different exergies of
each component of PVT/water are calculated and a relation-
ship is obtained based on loss of exergy [24–26].

The purpose of this study is to investigate the
photovoltaic-thermal system with air cooling, in which
exergy analysis has been performed to achieve high effi-
ciency. In this regard, factors such as inlet air temperature-
inlet flow and system length are problem variables. The
impact of each of these factors has been evaluated for a sam-
ple area.

2. Materials and Methods

2.1. Fundamentals of Exergy Analysis. Exergy is the maxi-
mum useful work that results from a certain amount of
available energy or flow of materials. In exergy analysis, the
main purpose is to determine the location and amount of
production of irreversibility during different processes of
the thermodynamic cycle and the factors affecting the pro-
duction of this irreversibility. In this way, in addition to eval-
uating the efficiency of different components of the
thermodynamic cycle, ways to increase the efficiency of the
cycle are also identified. Exergy analysis tries to obtain the
most work produced in the cycle by simultaneously applying
the first and second laws of thermodynamics and using the
environment as a reference state.

2.2. Principles of Exergy Analysis of Thermal Photovoltaic
Panels with Air Cooling. This study is aimed at analyzing
the exergy of a photovoltaic-thermal collector with air cool-
ing. Exergy analysis is a new and alternative method to older
methods. This method is based on the concept of exergy.
Exergy is defined with a bit of negligence as the ability to

do work or the quality of different types of energy in a given
environment. Exergy analysis of a process shows how much
input or exergy functionality has been consumed by that
process or system or, in other words, wasted. Contrary to
current performance criteria, the concept of irreversibility
is based on both laws of thermodynamics. The relation used
for exergy analysis is obtained by combining the steady-state
energy equation (first law) with the entropy production rate
(second law).

However, the second law is not explicitly used in the
analysis of exergy. But as stated, using the above method to
evaluate the system implicitly requires applying the results
of the second rule. The study of different forms of irrevers-
ibility gives a better understanding of it compared to the
mere study of relevance and formulas related to the second
law. Figure 1 shows the energy balance of the focal area of
a thermal photovoltaic system.

The high efficiency of a system is not always a sufficient
condition for its feasibility and cost-effectiveness. Factors
such as initial costs, maintenance costs, and fuel consump-
tion can affect whether or not a project is viable. In general,
PVT collectors can be evaluated in two main ways: (a)
exergy analysis and (b) energy analysis. Figure 2 shows the
outline of a PVT.

Exergy balance for the collector of the following form is
suggested:

〠EXout =〠EXthermal+〠EXelectrical: ð1Þ

Table 1 shows the functional characteristics of the
modeling photovoltaic cell.

2.3. Exergy Balance in General for PVT. As can be seen from
the above relation, the input exergy caused by solar radiation
minus the thermal exergy and electrical exergy will be equal
to the exergy loss. Also, the exergy balance for the above col-
lector is in the following form:
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The above relationship is the basis for future relation-
ships that will be expanded below. In general, we have pre-
sented two basic equations above. These two equations are
the basis of energy analysis and exergy analysis of PVT col-
lectors. Finally, with their help, more practical equations can
be achieved. In this research, we have tried to perform the
analysis based on design and performance parameters and
the goal is to find the optimal points in the performance
and design parameters so that the exergy efficiency is maxi-
mized. From the balance of exergy presented above, the cell
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temperature will be obtained as follows [27, 28]:

Tc =
αeff :I tð Þð Þ + Utca:Tað Þ + Tbs:UTð Þð Þ

Utca +UT
: ð2Þ

In the above relation αeff is equal to

αeff = τg αc:β + αT: 1 − βð Þ − η:βð Þ: ð3Þ

The relationship between temperature and electrical effi-
ciency is expressed as follows:

η = η0 1 − β0 TC − Tað Þ½ �: ð4Þ

For the surface behind Tedlar,

UT TC − Tbsð Þbdx = hT Tbs − T f

� �
bdx, ð5Þ

the rate of heat

transfer from cell to

back surface of Tedlar

2
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3
775=

the rate of heat transfer
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to flowing fluid

2
664

3
775

The following will be done to balance the energy balance
[27, 28]:

m:
f Cf

dT f

dX
+Ub T f − Ta

� �
bdx = hT Tbs − T f

� �
bdx, ð6Þ
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The outlet air temperature of the N module, which is
connected in series, is calculated from the following equa-
tion:

T f oN =
αeffhp
ul

+ Ta

� �
1 − e −blul/m:cfð Þh i

+ T f ie
− blul/m:cfð Þð Þ:

ð7Þ

If the size of the modules is the same, the useful heat
obtained from the N modules that are connected in series
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Figure 1: Exergy analysis.
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Figure 2: Overview of a PVT air cooler.

Table 1: Photovoltaic module specifications.

Parameter Quantity

Maximum power 150V

Maximum voltage 34.5V

Maximum flow 4.35 A

Short circuit current 4.75 A

Open circuit voltage 43.5V

Flow temperature coefficient (0:065 ± 0:015) %/°C
Voltage temperature coefficient -(16 0 ± 20) mV/°C

The effect of temperature on power -(0:5 ± 0:05) %/°C
Nominal temperature of cell function 47 ± 2°C
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Figure 3: Effect of inlet air temperature change on exergy
efficiency.
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Figure 4: The effect of air flow change on exergy efficiency.
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is calculated from the following equation [27, 28]:

QU :N = npv ×m:
f cf 1 − e Nblul/m:cfð Þh i hp:αeff

ul
I tð Þ + T f i

� �
,

Kk =
b:l:ul:FR

mf
:cf

ð8Þ

Finally, the electrical energy obtained from the panel is
calculated from the following equation:

Exelectrical = η:N:I tð Þ:A: ð9Þ

3. Results

The parameters affecting the exergy analysis are the intensity
of solar radiation in the environment, wind speed, ambient
temperature, inlet and outlet air temperature, the surface
temperature of the photovoltaic module, open-circuit volt-
age, short circuit current, voltage, and current at the maxi-
mum power point, panel length photovoltaics (the number
of modules that are connected in series to form a module),
input flow, etc. are many other parameters. Among these,
we have selected four mechanical performance parameters,
namely, modulus length and radiation intensity, inlet tem-
perature, and flow rate, and simulated the effect of changing
each of the parameters on total exergy, thermal efficiency,
and electrical efficiency. This research is based on Saveh
weather conditions. Information about the weather condi-
tions of Saveh has been extracted from valid research on
the intensity of radiation in Saveh and data of the Meteoro-
logical Organization. One of the disadvantages of the work
of the past was the lack of sufficient attention to the influ-
ence of climate on the efficiency of exergy and mere para-
metric research. Except for a few specific cases, the
research is based on the performance of the collector on a
few specific days. In this research, it has been tried to do this
based on meteorological and weather information of Saveh
for a long time, and the results of the research are as practi-
cal as possible. Figure 3 shows the changes in exergy over
temperature. It is observed that the exergy efficiency

decreases with increasing the inlet temperature to the collec-
tor. This is due to the limited heat capacity of the air. In fact,
by increasing the inlet temperature to the inlet air panel, it
has less capacity to carry heat. Therefore, less heat is dissi-
pated from the panel, resulting in a hot collector and
reduced efficiency.

Figure 3 examines the performance of the panel in the
temperature range of 270 to 330 degrees Kelvin. It is
observed that for each degree of temperature increase,
0.6% exergy efficiency and 0.5% electrical efficiency decrease
and 0.01% exergy efficiency due to exhaust air decreases.
Note that if cool air was not used, the exergy efficiency
would be reduced by 0.5% for each degree of temperature
increase, and this diagram clearly shows the superior perfor-
mance of PVTs compared to solar cells. In Figure 4, the
behavior of the solar cell can be seen about the different flow
rates of the cooling fluid.

As can be seen in Figure 4, the effect of air inlet flow rate
from 0.01 to 0.1 (kg/s) on cell efficiencies has been evaluated.
As an observation at first, we see an increase in efficiency
with a steep slope. After reaching a peak, the efficiency
decreases with a gentle slope and the reason for this behavior
is the heat capacity of the air. As the flow rate increases, so
does the heat transfer inlet speed. After reaching the peak,
due to the reduced exchange of air molecules with the mod-
ule, due to the high speed of the fluid entering the panel, the
heat capacity decreases. As a result, the temperature of the
air leaving the panel decreases and as a result, the efficiency
of the exergy decreases. As it is known, the specifications of
the maximum point are as follows: the optimal air inlet flow
is 0.0035, for which the exergy efficiency is equal to 15.2%.
Exergy efficiency due to air heat is 4.49%. Electrical effi-
ciency is not dependent on flow; its value will be constant
and equal to 10.7%. Figure 5 shows the effect of cool fluid
channel length on electrical and thermal exergy efficiencies.
The length of each module is 0.4 (m), and the length
increase from 1 to 6 modules has been examined.

According to Figure 5, it can be seen that the length of
the system does not affect electrical efficiency and the length
of the system affects the thermal efficiency, so that the high-
est thermal exergy efficiency is related to the length of the
system which is 2.5 (m) with a value of 3%. Then, with
increasing length, a decrease in efficiency will be seen. The
reason for this is the saturation of the air due to the absorp-
tion of heat by the collector. In this case, the end modules
will always be hotter than the initial modules. At the maxi-
mum point, exergy efficiency is 13.81%. Thermal efficiency
is equal to 3.1050%. The electrical efficiency will be constant
and equal to 10.7.

4. Conclusion

In this research, a thermal photovoltaic system with air cool-
ing has been performed to achieve high efficiency by exergy
analysis. Observations showed that the photovoltaic/thermal
collector performs better when water is injected and its per-
formance in large areas will be very impressive. But for var-
ious reasons, such as simplicity of design, cheap, transfer
speed, easy transportation, and no need for ancillary
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Figure 5: The effect of length change on exergy efficiency.
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facilities in critical situations such as floods and earthquakes
or conditions that only mean electricity generation, a collec-
tor with cooling air is recommended. Other results are
increased temperature or velocity, reduced contact surface,
and reduced air heat capacity.

Nomenclature

C: Specific heat (J/kg·C)
FR: Flow rate factor (dimensionless)
hT: Penalty factor due to Tedlar through glass, solar cell
L: Length (m)
IðtÞ: Incident solar intensity (W/m2)
_m: Mass flow rate (m3/s)
T : Temperature (C)
UL: Overall heat transfer coefficient from solar cell to

ambient through top and back surface of insulation
(W/m2·C)

Tcell: Solar cell temperature
αc: Solar cell absorption coefficient
ηel: Electrical efficiency
τG: Glass transfer coefficient
m: Fluid flow rate
UL: Overall heat loss coefficient.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] T. S. Adebayo and H. Rjoub, “A new perspective into the
impact of renewable and nonrenewable energy consumption
on environmental degradation in Argentina: a time–frequency
analysis,” Environmental Science and Pollution Research,
vol. 29, no. 11, pp. 16028–16044, 2021.

[2] T. S. Adebayo, M. F. Coelho, D. Ç. Onbaşıoğlu et al., “Model-
ing the dynamic linkage between renewable energy consump-
tion, globalization, and environmental degradation in South
Korea: does technological innovation matter?,” Energies,
vol. 14, no. 14, article 4265, 2021.

[3] M. A. Sina and M. A. Adeel, “Assessment of stand-alone pho-
tovoltaic system and mini-grid solar system as solutions to
electrification of remote villages in Afghanistan,” International
Journal of Innovative Research and Scientific Studies, vol. 4,
no. 2, pp. 92–99, 2021.

[4] T. S. Adebayo and H. Rjoub, “Assessment of the role of trade
and renewable energy consumption on consumption-based
carbon emissions: evidence from the MINT economies,” Envi-
ronmental Science and Pollution Research, vol. 28, no. 41,
pp. 58271–58283, 2021.

[5] Z. Ahmed, M. Ahmad, H. Rjoub, O. A. Kalugina, and
N. Hussain, “Economic growth, renewable energy consump-
tion, and ecological footprint: exploring the role of environ-
mental regulations and democracy in sustainable
development,” Sustainable Development., 2021.

[6] R. Alayi, N. Khalilpoor, S. Heshmati, A. Najafi, and
A. Issakhov, “Thermal and environmental analysis solar water
heater system for residential buildings,” International Journal
of Photoenergy, vol. 2021, 9 pages, 2021.

[7] T. S. Adebayo, S. D. Oladipupo, I. Adeshola, and H. Rjoub,
“Wavelet analysis of impact of renewable energy consumption
and technological innovation on CO2 emissions: evidence
from Portugal,” Environmental Science and Pollution Research,
vol. 29, no. 16, pp. 23887–23904, 2021.

[8] T. S. Adebayo and D. Kirikkaleli, “Impact of renewable energy
consumption, globalization, and technological innovation on
environmental degradation in Japan: application of wavelet
tools,” Environment, Development and Sustainability, vol. 23,
no. 11, pp. 16057–16082, 2021.

[9] M. Jahangiri, O. Nematollahi, A. Haghani, H. A. Raiesi, and
A. Alidadi Shamsabadi, “An optimization of energy cost of
clean hybrid solar-wind power plants in Iran,” International
Journal of Green Energy, vol. 16, no. 15, pp. 1422–1435, 2019.

[10] B. Z. Adewole, B. O. Malomo, O. P. Olatunji, and A. O. Iko-
bayo, “Simulation and experimental verification of electrical
power output of a microcontroller based solar tracking photo-
voltaic module,” International Journal of Sustainable Energy
and Environmental Research, vol. 9, no. 1, pp. 34–45, 2020.

[11] R. Alayi, M. Jahangiri, J. W. G. Guerrero, R. Akhmadeev, R. A.
Shichiyakh, and S. A. Zanghaneh, “Modelling and reviewing
the reliability and multi-objective optimization of wind-
turbine system and photovoltaic panel with intelligent algo-
rithms,” Clean Energy, vol. 5, no. 4, pp. 713–730, 2021.

[12] R. Alayi, M. Jahangiri, and A. Najafi, “Energy analysis of vac-
uum tube collector system to supply the required heat gas
pressure reduction station,” International Journal of Low-
Carbon Technologies, vol. 16, no. 4, pp. 1391–1396, 2021.

[13] M. Wolf, “Performance analyses of combined heating and
photovoltaic power systems for residences,” Energy Conver-
sion, vol. 16, no. 1-2, pp. 79–90, 1976.

[14] J. Zhang, Z. Zhou, J. Quan et al., “A flexible film to block solar
radiation for daytime radiative cooling,” Solar Energy Mate-
rials and Solar Cells, vol. 225, article 111029, 2021.

[15] S. Agrebi, R. Chargui, B. Tashtoush, and A. Guizani, “Analyse
comparative des performances d'une pompe a chaleur assistee
par l'anergie solaire pour le chauffage de serres en Tunisie,”
International Journal of Refrigeration, vol. 131, pp. 547–558,
2021.

[16] M. Sultan S, C. P. Tso, and E. E. Mn, “A case study on effect of
inclination angle on performance of photovoltaic solar ther-
mal collector in forced fluid mode,” Renewable Energy
Research and Application, vol. 1, no. 2, pp. 187–196, 2020.

[17] H. Ashofteh and A. Behzadi Forough, “Renewable energy’s
potential scrutiny by PVSYST and RETSCREEN softwares
case study: Khoy Province,” Renewable Energy Research and
Applications, 2022.

[18] A. Taheri, M. Kazemi, M. Amini, M. Sardarabadi, and
A. Kianifar, “The performance assessment of nanofluid-
based PVTs with and without transparent glass cover: outdoor
experimental study with thermodynamics analysis,” Journal of
Thermal Analysis and Calorimetry, vol. 143, no. 6, pp. 4025–
4037, 2021.

[19] Z. Fu, X. Liang, Y. Li, L. Li, and Q. Zhu, “Performance
improvement of a PVT system using a multilayer structural
heat exchanger with PCMs,” Renewable Energy, vol. 169,
pp. 308–317, 2021.

5International Journal of Photoenergy



[20] M. Tahmasbi, M. Siavashi, A. M. Norouzi, and M. H. Dora-
nehgard, “Thermal and electrical efficiencies enhancement of
a solar photovoltaic- thermal/air system (PVT/air) using metal
foams,” Journal of the Taiwan Institute of Chemical Engineers.,
vol. 124, pp. 276–289, 2021.

[21] P. Jagadale, A. Choudhari, and S. Jadhav, “Design and simula-
tion of grid connected solar Si-poly photovoltaic plant using
PVsyst for Pune, India location,” Renewable Energy Research
and Applications, vol. 3, no. 1, pp. 41–49, 2022.

[22] O. A. Al-Shahri, F. B. Ismail, M. A. Hannan et al., “Solar pho-
tovoltaic energy optimization methods, challenges and issues:
a comprehensive review,” Journal of Cleaner Production,
vol. 284, article 125465, 2021.

[23] Z. Molamohamadi and M. Talaei, “Analysis of a proper strat-
egy for solar energy deployment in Iran using SWOT matrix,”
Renewable Energy Research and Applications, vol. 3, no. 1,
pp. 71–78, 2022.

[24] A. Shahsavar, “Experimental evaluation of energy and exergy
performance of a nanofluid-based photovoltaic/thermal sys-
tem equipped with a sheet-and-sinusoidal serpentine tube col-
lector,” Journal of Cleaner Production, vol. 287, article 125064,
2021.

[25] A. Sohani, M. H. Shahverdian, H. Sayyaadi et al., “Selecting the
best nanofluid type for a photovoltaic thermal (PV/T) system
based on reliability, efficiency, energy, economic, and environ-
mental criteria,” Journal of the Taiwan Institute of Chemical
Engineers., vol. 124, pp. 351–358, 2021.

[26] B. Kurşun, “Theoretical energy and exergy analysis of a com-
bined cooling, heating and power system assisted by a low con-
centrated photovoltaic recuperator,” Energy Conversion and
Management, vol. 228, article 113659, 2021.

[27] X. Zhang, X. Zhao, S. Smith, J. Xu, and X. Yu, “Review of R&D
progress and practical application of the solar photovoltaic/
thermal (PV/T) technologies,” Renewable and Sustainable
Energy Reviews, vol. 16, no. 1, pp. 599–617, 2012.

[28] D. Das, P. Kalita, and O. Roy, “Flat plate hybrid photovoltaic-
thermal (PV/T) system: a review on design and development,”
Renewable and Sustainable Energy Reviews, vol. 84, pp. 111–
130, 2018.

[29] .

6 International Journal of Photoenergy


	Investigation of the Effect of Physical Factors on Exergy Efficiency of a Photovoltaic Thermal (PV/T) with Air Cooling
	1. Introduction
	2. Materials and Methods
	2.1. Fundamentals of Exergy Analysis
	2.2. Principles of Exergy Analysis of Thermal Photovoltaic Panels with Air Cooling
	2.3. Exergy Balance in General for PVT

	3. Results
	4. Conclusion
	Nomenclature
	Data Availability
	Conflicts of Interest

