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Abstract: A photovoltaic thermal (PVT) collector is a type of solar collector that can simultaneously
produce electrical and thermal energy from solar energy. In this research, the daily and annual
performances of an air-cooled PVT collector with triangle-shaped obstacles were investigated and
compared with those of a conventional air-cooled PVT collector. Based on the thermal circuit model,
a numerical model of the air-cooled PVT collector containing triangle-shaped obstacles has been
developed and validated using experimental results. A typical meteorological year’s weather data
from Ulsan, Korea was used as the weather data. From the results, it was seen that the daily
average thermal, electrical, and overall energy and exergy efficiencies for the PVT collector with
triangle-shaped obstacles were 24.73%, 15.59%, 62.83%, and 15.57%, respectively, while those values
of conventional PVT collector were 17.08%, 15.30%, 54.47%, and 15.13%, respectively. The results
also showed that the annual energy and exergy outputs of the PVT collector with triangle-shaped
obstacles were 12.84% and 1.98% greater than those of the conventional air-cooled PVT collector.
From these results, it was clearly confirmed that the triangle-shaped obstacles can enhance the energy
and exergy outputs of the air-cooled PVT collector.

Keywords: photovoltaic thermal collector; solar thermal system; numerical analysis; energy
efficiency; exergy

1. Introduction

In recent years, the photovoltaic (PV) module has become one of the most important
renewable energy systems worldwide. This system directly converts solar radiation into
electrical power and is widely used owing to its increase in efficiency with decreased cost.
The disadvantage of PV modules is the high increase in temperature during the operation,
which reduces their electrical efficiency. Wolf (1967) firstly suggested a hybrid photovoltaic
thermal (PVT) collector to solve this problem [1]. The PVT collector combines a solar
thermal collector with a PV module, making it capable of producing both electrical and
thermal energy at the same time. In addition, because the cooling medium used in the
solar thermal collector reduces the PV cell temperature, the electrical generation of the PV
module can be improved.

Generally, liquid or air cooling is utilized to cool the PV cell in PVT collectors. PVT
collectors with liquid cooling normally use liquids such as water or nanofluids. Many
studies on water-based PVT collectors have aimed to confirm their thermal and electrical
behaviors using experimental and numerical methods [2–7]. In addition, a number of
studies have explored the use of nanofluids as heat transfer fluids to enrich the efficiency
of liquid-cooled PVT collectors [8–12]. Liquid-cooled PVT collectors usually have higher
efficiencies than air-cooled PVT collectors because the liquid’s heat capacity and thermal
conductivity are greater than those of air. However, owing to their relatively complex

Sustainability 2022, 14, 13233. https://doi.org/10.3390/su142013233 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142013233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9897-4932
https://doi.org/10.3390/su142013233
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142013233?type=check_update&version=2


Sustainability 2022, 14, 13233 2 of 19

design, liquid-cooled PVT collectors are more expensive and take up more space, and
compared with air-cooled PVT collector, they are more difficult to install. In contrast, air-
cooled PVT collectors have a simple design, are economical, and require little maintenance.
Therefore, a great deal of research has been performed on increasing the thermal efficiency
of air-cooled PVT collectors.

Changing the design parameters or configuration of an air-cooled PVT collector
for enhanced thermal performance is one of the general methods to improve thermal
performance. Sopian et al. compared an air-cooled PVT collector with a single-pass air
channel to a collector with a double-pass air channel, and they found that the thermal
and electrical efficiencies of the PVT air collector with a double-pass air channel varied
between 32–34% and 8–9%, while the thermal and electrical efficiencies of the PVT air
collector with a single-pass air channel varied between 24–28% and 6–7% under the similar
conditions [13]. Agrawal and Tiwari proposed a PVT collector integrated with an additional
micro-air channel; the exergy and energy performances of the collector was evaluated
using a mathematical model [14]. The results indicated that the proposed PVT collector
had greater annual energy and exergy gains than those of a conventional PVT collector,
which has a single smooth air channel. Karima and Musafa compared four different PVT
collectors experimentally and numerically. In this study, they found that the single-pass
double-flow PVT collector produces higher thermal and electrical energy than those of
other models [15]. Farshchimonfared et al. analyzed the effect of various design parameters
on the performance of the PVT collector based on a thermal circuit model and reported that
the optimum diameter of the air distribution duct and optimum depth of the air channel
were 0.3–0.5 m and 0.09–0.026 m, respectively [16]. Slimani et al. mathematically modeled
the PV module and three different PVT air collectors and compared their daily and annual
energy performances [17]. As a result of this study, the glazed double-pass PVT collector
was found to have the highest performance, with daily electrical, thermal, and overall
efficiencies of 10.65%, 44.41%, and 74%, respectively, while the conventional unglazed
collector had efficiencies of 10.73%, 21.19%, and 51.02%, respectively.

The other method of enhancing the thermal performance of the PVT collector is
to use heat transfer enhancement devices to increase the heat transfer area. Jin et al.
evaluated the performance of the PVT collector employing a rectangular tunnel absorber
and concluded that the suggested system can produce improved thermal and electrical
outputs [18]. Hussain et al. tested the electrical and thermal performance of the PVT
collector incorporating a hexagonal honeycomb heat exchanger [19]. This study reported
that the presence of the hexagonal honeycomb heat exchanger improved both the electrical
and thermal outputs. Fudholi et al. conducted an experiment and theoretical analysis of a
PVT collector with a del-groove heat exchanger under various solar intensity and air mass
flow rate conditions [20]. The results showed that the energy and exergy performance of
the proposed PVT collector varied between 38.8–81.8% and 12.44–13.26% depending on the
operating conditions. Ahmad et al. conducted a numerical analysis to estimate electrical
and cooling performance for the PV module with the newly suggested fin, and the results
showed that the proposed fin reduces average cell temperature and improves electrical
power output of the PV module by 2.87% [21]. In addition, a number of studies have been
performed that have focused on either changing configuration of the PVT collector or using
a heat transfer enhancement device that extends the heat transfer area [22–28].

Another method is installing obstacles in the air duct of the PVT collector. As fluid
flows through a constricted area provided by an obstacle, its velocity increases, thereby
improving the convective heat transfer coefficient in an air duct of the collector. The purpose
of the obstacles is to provide better performance in heat transfer by generating an increase
in local air velocity in an air duct separately from changing the configuration of the collector
or extending the heat transfer area. Moreover, this method has benefits in manufacturing
and price because of its simple design. Kim et al. proposed a PVT collector with a round
heat-absorbing plate in an air channel and experimentally investigated its performance,
and they reported that the suggested PVT collector had thermal and electrical efficiencies
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of 29–42% and 15.71–16.25%, respectively [29]. Choi et al. evaluated the performance of
a PVT collector coupled with a triangle-shaped obstacle located at the bottom of the air
duct, experimentally, in the actual weather condition [30,31]. The results indicated that the
proposed PVT collector exhibits thermal efficiency of 28.83–38.36% and electrical efficiency
of 16.15–16.43%. Yu et al. suggested a PVT collector with a baffle at the base of an air
duct and investigated its performance with various arrangements of the baffles through
numerical simulation [32]. As a result, it was found that the baffles can improve the heat
gain of the PVT collector by 1.28–1.31 times over a collector without baffles.

However, based on the above literature review, it was observed that only a few studies
on the PVT collector coupled with obstacles have been performed in comparison with other
methods. Additionally, energy and exergy improvement by the addition of obstacles have
not yet been well discussed and assessed in the previous research, especially on a daily and
annual basis. Thus, it will be interesting to confirm how much more energy and exergy can
be achieved with the addition of the obstacle. Therefore, this study evaluated the energy
and exergy performance of the PVT collector coupled with obstacles on a daily and annual
basis. The triangle-shaped obstacle, which is easy to fabricate due to its simple design,
was employed as an obstacle. The mathematical model of the PVT collector coupled with
triangle-shaped obstacles was developed to estimate the performance of the collector and
it was validated with experimental values reported in previous research [30]. Finally, by
using the developed simulation model, this study examined how the obstacle installed in
an air channel of the PVT collector affects its electrical and thermal behaviors, as well as
evaluated energy and exergy improvement by the obstacle over daily and annual periods.

2. Mathematical Modeling
2.1. Theoretical Model of the Air-Cooled PVT Collector

Figure 1 presents a schematic of the conventional air-cooled PVT collector and the
collector with triangle-shaped obstacles. Both PVT collectors are single-pass unglazed flat-
plate air-cooled PVT collectors. In the present work, the PVT collectors with and without
triangular obstacles are modeled based on the simple thermal circuit model reported and
used in previous studies similar to the present work [16,33–36].
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Figure 1. Schematic of the side views of air-cooled PVT collector (a) without triangle-shaped obsta-
cles (conventional air-cooled PVT collector) and (b) with triangle-shaped obstacles. 

Figure 1. Schematic of the side views of air-cooled PVT collector (a) without triangle-shaped obstacles
(conventional air-cooled PVT collector) and (b) with triangle-shaped obstacles.

To simplify the modeling of the air-cooled PVT collector, in this study, the following
assumptions were taken into account:
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• The PVT collector was assumed to be in a steady-state condition.
• Conduction heat transfer along the thickness of the solid layer was neglected due to

their low thickness.
• The ambient air temperature was equal to the inlet air temperature of the collector.
• Since the side and bottom surfaces of the PVT collector were well insulated, heat loss

at the side and bottom surfaces were ignored.
• The design parameters and properties of air were assumed to be constant.

Since the PVT collector was assumed in steady-state conditions, the energy balance in
the PVT collector can be expressed as follows [16,33]:

G(α− ηel) =
.
qth +

.
qloss (1)

where α is absorptivity of the PV module, ηel is electrical efficiency of PV module, and
G is solar intensity. The left-hand side term in Equation (1) indicates the solar radiation
absorbed by the PV module minus the electrical power output. The right-hand side terms
involve heat gain of air (

.
qth) and heat loss at the collector’s top surface (

.
qloss).

Based on the above Equation (1), the outlet air temperature (Tair,out), thermal output of
the PVT collector (

.
qth), thermal efficiency (ηth), electrical power output (

.
WPV), and electrical

efficiency (ηel) for the thermal circuit model have been derived as follows [16,33]:

Tair, out = Ta +
[

Te f f − Ta + (α− ηel)GRt

][
1− exp

(
Ac

.
mCpRov

)]
(2)

.
qth =

.
mcp

Ac

[
Te f f − Ta + (α− ηel)GRt

][
1− exp

(
− Ac

.
mCpRov

)]
(3)

ηth =

.
qth
G

(4)

.
WPV = Gηel (5)

ηel = ηre f

[
1 + βre f

(
Tc − TSTC

)]
(6)

where Ta is ambient temperature, Te f f is effective air temperature, Rt is total thermal
resistance at the top surface of the PVT collector, Ac is the area of PVT collector,

.
m is

air mass flow rate, Cp is the specific heat of air, Rov is overall thermal resistance, ηre f is
electrical efficiency of the PV module under the standard condition, βre f is the temperature
coefficient, Tc is the average cell temperature of the PV module, and TSTC is the temperature
of the standard condition.

The total heat loss (
.
qloss) is composed of both convection and radiation heat loss, and

it was given by:
.
qloss =

Te f f − Tc

Rt
(7)

where

Te f f =
TaRr,t + TskyRc,t

Rr,t + Rc,t
(8)

Rt =
Rr,tRc,t

Rr,t + Rc,t
(9)

where Tsky, Rc, t, and Rr, t are sky temperature, thermal resistance for convective heat
transfer, and thermal resistance for radiative heat transfer, respectively.

The overall thermal resistance (Rov) used in Equations (2)–(4) was given by:

Rov = Rt + R f (10)
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where R f is fluid thermal resistance between the PV module and flowing air in an air duct.
A more detailed description of thermal resistance presented in the above equations was
written in Section 2.2.

2.2. Thermal Resistance

This section describes the thermal resistance used in the mathematical model. The sky
temperature (Tsky) is obtained using the following empirical equation [37,38]:

Tsky = 0.0552Ta
1.5 (11)

With the above equation, the radiative thermal resistance (Rr,t) can be calculated by
using the following equation [39]:

Rr,t =
1

hr,t
=

1

εσ
(

T2
c + T2

sky

)(
Tc + Tsky

) (12)

where hr,t, ε, and σ are the radiative heat transfer coefficient, the emissivity of the PV
module, and Stefan–Boltzmann constant (5.67 × 10−8 W/m2K4), respectively.

The convective thermal resistance (Rc,t) at the top surface of the collector is given
by [38,40,41]:

Rc,t =
1

hc,t
=

1

3.0
.

Vwind + 2.8
(13)

The fluid thermal resistance (R f ) is calculated using the following equation:

R f =
Dh

k(Nu)
(14)

where Dh and k are the hydraulic diameter and the thermal conductivity of air, respectively.
The Nusselt number in an air channel containing triangle-shaped obstacles was taken from
the numerical results presented in Ref. [42]. It can be expressed as:

Nu = 0.2899Re0.6828(erib/H)1.6939(lrib/erib)
−0.0221(prib/erib)

0.0563 exp[0.5604
{ln(erib/H)}2] exp[− 0.0159{ln(lrib/erib)}2] exp[− 0.0122{ln(prib/erib)}2]

(15)

where erib, lrib, and prib are the height, length, and pitch of the triangle-shaped obstacle,
respectively. The H is the height of the air channel of the PVT collector.

The Nusselt number for a conventional PVT collector was obtained using the following
equation [16,36]:

Nus = 0.023 Re0.8 Pr0.4 (16)

2.3. Solution Process

In this study, the PVT collector performance was determined via the following solution
process with the aforementioned equations:

• First, the cell temperature of the PVT collector was assumed to be 0.01 ◦C higher than
the ambient temperature.

• Second, the thermal resistances were calculated with the assumed cell temperature.
• Third, electrical efficiency, thermal output, and total heat loss were obtained based on

the calculated thermal resistances.
• Fourth, the left- and right-hand side terms in Equation (1) were compared.

The iterative calculation was performed for the above process if the error between
the left- and right-hand side terms was greater than 1%, after adding 0.01 ◦C to the initial
cell temperature until the error was less than 1%. Figure 2 presents the flow chart of the
solution process.



Sustainability 2022, 14, 13233 6 of 19

Sustainability 2022, 14, 13233 6 of 19 
 

cell temperature until the error was less than 1%. Figure 2 presents the flow chart of the 
solution process. 

 
Figure 2. Flow chart of the solution process. 

3. Energy and Exergy Analysis 
3.1. Energy Analysis 

The energy performance of the PVT collector was evaluated including the outlet air 
temperature, thermal output, thermal efficiency, electrical power output, electrical effi-
ciency, overall energy output, and overall energy efficiency. The outlet air temperature, 
thermal output, thermal efficiency, electrical power output, and electrical efficiency were 
obtained from Equations (2), (3), (4), (5), and (6), respectively. 

From an economic perspective, electrical energy is generally considered to be of 
higher quality than thermal energy. Thus, the PVT collectors are generally assessed based 
on their overall energy output and efficiency by converting their electrical efficiency into 
their equivalent thermal efficiency, and it can be obtained by using the following equa-
tions [17,43–46]. 𝑞ሶ௢௩ = 𝑞ሶ௧௛ + 𝑊ሶ ௉௏𝐶௙  (17) 

𝜂௢௩ = 𝜂௧௛ + 𝜂௘௟𝐶௙  (18) 

where 𝐶௙ is the conversion factor for the equivalent thermal efficiency. In this research, a 
value of 0.38 was assumed for the conversion factor, similar to other research [43,45–48]. 

3.2. Exergy Analysis 
Exergy is the maximum work that can be retrieved from a system that is in reversible 

equilibrium with its environment. For an air-cooled PVT collector, the exergy balance can 
be expressed as follows [14,20,49,50]: ෍ 𝐸ሶ 𝑥௜௡ − ෍ 𝐸ሶ 𝑥௢௨௧ = ෍ 𝐸ሶ 𝑥ௗ௘௦௧ (19) 

or 

Figure 2. Flow chart of the solution process.

3. Energy and Exergy Analysis
3.1. Energy Analysis

The energy performance of the PVT collector was evaluated including the outlet
air temperature, thermal output, thermal efficiency, electrical power output, electrical
efficiency, overall energy output, and overall energy efficiency. The outlet air temperature,
thermal output, thermal efficiency, electrical power output, and electrical efficiency were
obtained from Equations (2), (3), (4), (5), and (6), respectively.

From an economic perspective, electrical energy is generally considered to be of higher
quality than thermal energy. Thus, the PVT collectors are generally assessed based on their
overall energy output and efficiency by converting their electrical efficiency into their equiva-
lent thermal efficiency, and it can be obtained by using the following equations [17,43–46].

.
qov =

.
qth +

.
WPV

C f
(17)

ηov = ηth +
ηel
C f

(18)

where C f is the conversion factor for the equivalent thermal efficiency. In this research, a
value of 0.38 was assumed for the conversion factor, similar to other research [43,45–48].

3.2. Exergy Analysis

Exergy is the maximum work that can be retrieved from a system that is in reversible
equilibrium with its environment. For an air-cooled PVT collector, the exergy balance can
be expressed as follows [14,20,49,50]:

∑
.
Exin −∑

.
Exout = ∑

.
Exdest (19)

or
∑

.
Exin −∑

( .
ExPV +

.
Exth

)
= ∑

.
Exdest (20)
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where
.
Exin = G

[
1− 4

3

(
Ta

Ts

)
+

1
3

(
Ta

Ts

)4
]

(21)

.
ExPV = Gηre f

[
1 + βre f

(
Tc − TSTC

)]
(22)

.
Exth =

.
qth

[
1− Ta + 273

Tair,out + 273

]
(23)

.
ExPVT =

.
ExPV +

.
Exth (24)

in which
.
Exin,

.
Exout,

.
Exdest,

.
ExPV ,

.
Exth,

.
ExPVT , and Ts are the total inflow exergy, total

outflow exergy, destruction of exergy, electrical exergy, thermal exergy, exergy output of
the air-cooled PVT collector, and temperature of the sun (5777 K), respectively [20,49].

An exergy efficiency is the ratio of the net output exergy to the total inflow exergy, and
it is given by [14,20,51]:

ηex =

.
Exout

.
Exin

(25)

4. Validation

In the present study, the mathematical model for the PVT collector with triangle-
shaped obstacles was validated using experimental values reported in the previous research.
The PVT collector included a monocrystalline-type PV module, which is a commercially
available product, and an air channel containing triangular obstacles. Figures 3 and 4 show
a schematic of the PVT collector with triangle-shaped obstacles and a side view of the
collector used in the experiment, respectively. The experiment was conducted on the actual
weather condition in Busan, Korea. During the experiment, the fan installed at the inlet
side of the PVT collector maintained a constant air mass flow rate. The design parameters
of the PVT collector used in the previous experiment as well as the numerical model for this
study during the validation setup are given in Table 1. A more detailed description of the
experimental method and conditions can be found in the previously published paper [30].
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Figure 4. Side view of the air-cooled PVT collector with triangle-shaped obstacles: (a) side view and
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Table 1. Design parameters of the air-cooled PVT collector with triangular obstacles.

Parameter Value

Electrical efficiency at standard test condition (%), ηre f 17.37
Temperature coefficient (%/◦C), βre f −0.41

Temperature of the standard test condition (◦C), TSTC 25
Absorption coefficient of the PV module (-), α 0.85

Emissivity of the PVT collector, ε 0.88
Length of the air channel (mm), L 2027
Height of the air channel (mm), H 83
Width of the air channel (mm), w 1000

Height of a triangular obstacle (mm), erib 37
Length of a triangular obstacle (mm), lrib 97
Pitch of a triangular obstacle (mm), prib 126.5

Area of the air-cooled PVT collector (m2), Ac 2.027
Air flow rate (kg/m2s) 0.05527

The weather conditions recorded in the previous study were used as input values to
obtain the results of the simulation model. The mean absolute percentage error (MAPE)
was used to compare the simulated results and experimental results. The MAPE was
calculated using the following equations [17,52]:

MAPE (%) = 100×
∑n

i=1
∣∣(Xsim,i − Xexp,i

)
/Xexp,i

∣∣
n

(26)

Figure 5 shows the simulated results for energy output and efficiency compared with
the corresponding experimental data obtained from Ref. [30]. The simulation results were
found to be reasonably accurate in predicting the experimental results. The MAPE values
were 6.36%, 3.38%, 6.08%, 3.40%, and 1.60% for thermal output, electrical power output,
thermal efficiency, electrical efficiency, and overall efficiency, respectively.
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(a) energy output and (b) energy efficiency.

5. Methodology

The mathematical model developed and validated in this study was programmed and
simulated in Matlab R2020a. The developed model was used to estimate the daily and
annual performance of the PVT collector with and without triangle-shaped obstacles. The
typical meteorological year weather data for Ulsan in Korea was used as the weather data.
The annual incident solar radiation for Ulsan with different collector slopes is presented in
Figure 6. The results showed that 30.9◦ is the optimum slope angle for the collector. Thus,
the simulations of the PVT collector with and without triangle-shaped obstacles have been
conducted with a slope angle of 30.9◦. The design parameters used in the validation setup
were employed for the simulations.
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For daily and annual performance evaluation, the cell temperature, outlet air tem-
perature, thermal output, thermal efficiency, electrical power output, electrical efficiency,
overall energy output, overall energy efficiency, exergy output, and exergy efficiency have
been observed. In the simulation model, temperatures, thermal and electrical outputs, and
thermal and electrical efficiencies were obtained; the Equations (17), (18), (24), and (25)
were then used to calculate the overall energy output, overall energy efficiency, exergy
output, and exergy efficiency, respectively.

6. Results and Discussion
6.1. Daily Performance

The daily performance of the PVT collector with and without triangle-shaped obstacles
was evaluated on a clear day (18 August). Figure 7 shows the weather conditions used to
simulate the daily performance of the collector. Figure 8 presents the PV cell temperature
and outlet air temperature for the PVT collector with and without triangle-shaped obstacles.
The maximum cell temperature is found to be 61.2 ◦C for the PVT collector with triangle-
shaped obstacles, while the conventional PVT collector shows 68.52 ◦C under the same
weather conditions. The PVT collector with obstacles continuously exhibits a lower cell
temperature than that of the conventional PVT collector because the triangle-shaped obsta-
cles improve the heat transfer performance in an air channel of the collector. For the same
reason, the outlet air temperature of the PVT collector with triangle-shaped obstacles shows
higher values than those of the PVT collector without obstacles during the operation time.

Figure 9 shows the thermal and electrical outputs of the PVT collectors. The maximum
values of the thermal and electrical outputs are 199.15 W/m2 and 129.69 W/m2 for the
conventional PVT collector and 281.58 W/m2 and 133.78 W/m2 for the collector with
triangle-shaped obstacles. The results indicated that the installation of obstacles can
improve the collector’s thermal and electrical outputs.

Figure 10 depicts the thermal and electrical efficiencies of the PVT collector with
and without triangle-shaped obstacles. The thermal efficiency varies from 12.5–21.51%
with a mean value of 17.08% for the conventional PVT collector and from 19.12–30.35%
with a mean value of 24.73% for the PVT collector with triangle-shaped obstacles during
the operation time. As expected, the PVT collector with triangle-shaped obstacles had
higher thermal efficiency than the conventional PVT collector. Electrical efficiency was
in the range of 14.27–16.69% for the conventional PVT collector, with an average value
of 15.30%, while that of the PVT collector with triangle-shaped obstacles ranges from
14.79% to 16.80% with an average value of 15.59%. The electrical efficiency of the PVT
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collector with triangle-shaped obstacles shows consistently higher values than that of the
conventional PVT collector during the operation time owing to the lower cell temperature.
Additionally, it was observed that the addition of the obstacle can lead to an enhancement
of the collector’s electrical output as well as thermal output.
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triangle-shaped obstacles.

Figure 11 presents the overall energy output and efficiency. The overall energy output
varies from 171.52–531.20 W/m2 for the conventional PVT collector, with an average value
of 384.97 W/m2, while the overall energy output varies from 191.55–625.63 W/m2 with an
average value of 445.76 W/m2 for the PVT collector with triangle-shaped obstacles. The
overall energy efficiency is in the range of 50.41–57.22% for the conventional PVT collector
and 57.44–66.54% for the PVT air collector with triangle-shaped obstacles. The daily average
overall energy efficiencies are found to be 54.47% for the conventional PVT collector and
62.83% for the PVT collector with triangle-shaped obstacles. The result showed that adding
the obstacle can increase the daily overall energy efficiency of the collector by approximately
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15.35%. Moreover, it was seen that the overall energy efficiency obtained in this study was
higher than that of similar PVT collectors without triangle-shaped obstacles [17,41,51,53,54].
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Figure 12 depicts the exergy output and efficiency of the PVT collectors. The PVT
collector with triangle-shaped obstacles generated more exergy during operation than
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the conventional PVT collector. The exergy efficiency varied from 14.25–16.39% with an
average value of 15.13% for the conventional PVT collector and 15.01–16.54% with an
average value of 15.57% for the PVT collector with triangle-shaped obstacles, respectively.
The daily exergy efficiency increased by 2.91% as a result of the installation of the obstacle,
and the results clearly showed that the installation of the obstacles can improve the exergy
performance of the collector as well as the energy performance. It was also found that the
exergy efficiency confirmed in the present work was higher than that of the conventional
PVT collectors without triangle-shaped obstacles [14,51,55].
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6.2. Annual Performance

Figure 13 shows the monthly thermal outputs of the PVT collectors with and without
triangle-shaped obstacles. The monthly thermal outputs vary from 11.95–20.13 kWh/m2

for the conventional PVT collector and 17.30–29.17 kWh/m2 for the PVT collector with
triangle-shaped obstacles, respectively. The net annual thermal outputs are found to be
192.02 kWh/m2 and 277.08 kWh/m2, for the PVT collector without obstacles and the PVT
collector with triangle-shaped obstacles, respectively. From the results, it was observed that
the net annual thermal output of the collector can be improved by 44.3% as a result of the
addition of triangle-shaped obstacles.
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Figure 14 presents the monthly electrical power output. The monthly electrical power
outputs are in the range of 13.89–20.40 kWh/m2 with a net annual electrical output of
199.81 kWh/m2 for the conventional PVT collector and 14.07–20.65 kWh/m2 with a net
annual electrical output of 202.52 kWh/m2 for the PVT collector with triangle-shaped
obstacles. The results confirmed that the triangle-shaped obstacles can provide an increase
of 1.36% in the net annual electrical power output of the collector. Additionally, it was
evident that installing triangle-shaped obstacles in the air-cooled PVT collector can improve
annual thermal and electrical energy outputs.
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Figure 14. Monthly variation in electrical output for PVT collectors with and without triangle-
shaped obstacles.

Figure 15 shows the monthly exergy outputs for the PVT collector with and without
triangle-shaped obstacles. The exergy outputs vary from 13.97–20.51 kWh/m2 for the con-
ventional PVT collector and 14.23–20.88 kWh/m2 for the PVT collector with triangle-shaped
obstacles, respectively. The results showed that the PVT collector with triangle-shaped
obstacles can achieve higher exergy output than that of the conventional PVT collector in
all months owing to the improvement of both the thermal and electrical energy outputs.
The net annual exergy outputs were found to be 201.03 kWh/m2 for the conventional PVT
collector and 205.02 kWh/m2 for the PVT collector with triangle-shaped obstacles.
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Figure 16 shows the net annual overall energy and exergy outputs. The net annual over-
all energy outputs are 717.83 kWh/m2 for the conventional PVT collector and 810.01 kWh/m2

for the PVT collector with triangle-shaped obstacles, respectively. From the figure, it could
be confirmed that the annual overall energy and exergy outputs of the PVT collector can be
improved by 12.84% and 1.98%, respectively, by the triangle-shaped obstacle.
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Figure 16. Annual overall energy and exergy outputs for PVT collectors with and without triangle-
shaped obstacles.

7. Conclusions

In the present work, a mathematical model of the air-cooled PVT collector containing
triangle-shaped obstacles was developed based on the thermal circuit model and was
validated with experimental results. The daily and annual performances of the PVT
collector with and without triangle-shaped obstacles were investigated. Finally, the energy
and exergy performance of the PVT collector with triangle-shaped obstacles compared to
those of a PVT collector without the obstacles to confirm the influence of the triangle-shaped
obstacles. The key findings are as follows:

(1) From the daily operation, it was confirmed that the installation of triangle-shaped
obstacles leads to a reduction in the cell temperature and an increase in the outlet air
temperature of the air-cooled PVT collector.

(2) The daily average thermal, electrical, and overall energy efficiencies were found to be
24.73%, 15.59%, and 62.83%, respectively, for the PVT collector with triangle-shaped
obstacles, while those of the conventional PVT collector were 17.08%, 15.30%, and
54.47%, respectively. The daily overall efficiency could be improved by 15.35% as a
result of the installation of obstacles.

(3) The daily average exergy efficiency was 15.13% for the conventional PVT collector
and 15.57% for the PVT collector with triangle-shaped obstacles. The presence of the
obstacle leads to an increase of about 2.91% in the exergy efficiency of the collector.

(4) The PVT collector with triangle-shaped obstacles could achieve about 44.3% and 1.36%
more in the net annual thermal and electrical outputs, respectively, compared to those
of the conventional PVT collector. In addition, the net annual overall energy output
and exergy output of the PVT collector with triangle-shaped obstacles were found to
be 12.84% and 1.98% greater than those of the conventional PVT collector, respectively.

The results found in this study clearly showed that the presence of triangular ob-
stacles can improve the energy and exergy performance of the air-cooled PVT collector.
Furthermore, the proposed air-cooled PVT collector presented a better performance in all
of the daily, monthly, and annual energy and exergy performances. Thus, the feasibility of
triangle-shaped obstacles was confirmed.
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Nomenclature

Ac collector area (m2)
.

m air mass flow rate (kg/s)
Cp specific heat of air (J/kg K)
Dh hydraulic diameter (m)
G solar intensity (W/m2)
T temperature (◦C)
TSTC temperature at the standard test condition (◦C)
Tc average temperature of the PV cell (◦C)
Te f f effective air temperature (K)
h heat transfer coefficient (W/m2 K)
R thermal resistance (m2 K/W)
Rov overall thermal resistance (m2 K/W)
.

Vwind wind velocity (m/s)
.

Vavg average air velocity in an air channel (m/s)
.
qth thermal output (W/m2)
.
qov overall energy output (W/m2)
.

WPV electrical power output (W/m2)
.
Ex exergy rate (W/m2)
k thermal conductivity of air (W/m K)
H height of the air duct (mm)
erib height of a triangle-shaped obstacle (mm)
lrib length of a triangle-shaped obstacle (mm)
prib pitch of a triangle-shaped obstacle (mm)
C f conversion factor for the equivalent thermal efficiency (-)
Nu Nusselt number (-)
Re Reynolds number (-)
Pr Prandtl number (-)
Greek symbols
α absorptivity (-)
ε emissivity (-)
σ Stefan–Boltzmann constant (W/m2 K4)
η efficiency (-)
ηov overall energy efficiency (-)
ηex exergy efficiency (-)
ηre f electrical efficiency at the standard test conditions (%)
βre f temperature coefficient (%/◦C)
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Subscripts
α ambient
air air
c convection
r radiation
t top surface
in inflow
out outflow
dest destruction
f fluid
s sun
sky sky
th thermal
el electrical
PV PV module
PVT PVT collector
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