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Abstract: A numerical analysis of a photovoltaic-thermal (PVT) hybrid system with different cooling
configurations is developed. The PVT system consists mainly of a photovoltaic panel and cooling
fluid channels. The developed model is used to simulate the system PVT and to study the influence
of different cooling patterns, operating and weather conditions on the system performance and to
evaluate its energy and exergy efficiency. Five cooling patterns were tested: the first is cooled by
air above the panel and water below the panel; the second is air cooling from above and below; the
third is cooled by air above the panel only; the fourth is cooled by air below the panel only; and the
fifth is cooled by water below the panel only. It was shown that the results of the developed model
are consistent with the results of other published works. The performance of the PVT system was
analyzed under the weather conditions of Sakaka Al-Jouf, KSA, in summer and winter. It was found
that the best cooling pattern is the fifth and the worst is the second. The average panel temperature
of (pattern 5) is 21 ◦C lower than the average panel temperature of pattern 2. The highest efficiency
of total energy is 90% when water is used as coolant at the bottom of the panel and air at the top
(pattern 1). The lowest efficiency of the total energy of the panel is 34% when the coolant is air at
the bottom of the panel (pattern 4). The electrical energy efficiency, total energy efficiency, and total
exergy efficiency are strongly influenced by the water flow rate and ambient temperature, while the
effect of solar intensity is insignificant.

Keywords: photovoltaic thermal panel; simulation; heat transfer; electrical efficiency; energy
efficiency; exergy efficiency

1. Introduction

In the last decade, the use of (PVT) systems has increased due to the increasing demand
for electrical and thermal energy. Much research has focused on the performance of PVT
systems [1]. The PVT system generates both thermal and electrical energy that can be
used in many applications such as household, space heating and preheating. Garg et al.
have conducted detailed analytical and experimental studies on PVT hybrid air-liquid
heating systems since the early 1990s over a 10-year period [2–10]. Using a steady-state
model from PVT/air, they found that the double-glass cover reduced heat losses but
increased transmission losses. Thus, the decision to use a single glass cover or double
glass cover depends on the temperature range used in the proposed system [6]. Sopian
et al. investigated the performance of single and double pass PVT/air collectors based
on a steady-state model [11], and an experimental device was presented [12]. The results
showed that the performance of the double-pass is better than the single-pass because the
temperature of the front cover and the cooling of the solar cell are reduced.

Prakash developed a transient model to compare the performance of air or water
collectors PVT [13]. His results show that the thermal efficiency of the air collector is
lower than that of the water collector. O. Rejeb et al. studied a dynamic model of the
PVT water collector [14]. It was found that as the number of glass covers increases, the
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thermal efficiency increases and the electrical efficiency decreases, so choosing a single
glass cover is better to achieve compatibility between the two efficiencies. The results
show that the electrical efficiency is increased by increasing the packing factor and the
heat conduction coefficient between the photovoltaic cell and the plate absorber, but it
decreases by increasing the solar radiation and the water inlet temperature. However,
the thermal efficiency increases with the increase of solar radiation and heat conduction
coefficient between the photovoltaic cell and the plate absorber. However, it decreases with
an increase in packing factor and water inlet temperature [14].

An experimental study on PVT water system by Al Harbi et al. [15] was conducted in
Riyadh, Saudi Arabia. It was found that, in summer, the electrical efficiency decreased as
the ambient temperature increased, although the thermal efficiency increased. In winter, the
electrical efficiency increased as the ambient temperature decreased, although the thermal
efficiency decreased. An experimental and numerical analysis of the PVT water collector
was performed by Francesco et al. [16]. The analysis showed that solar radiation plays
a more important role than water inlet temperature in determining the system efficiency.
Imtiaz et al. [17] present a transient mathematical and CFD model of a two-fluid nano-
engineered PV/T system. They investigated metal oxide nanoparticles (SiO2, Al2O3 and
CuO) with different concentrations in the base fluid (water). The results showed that the
CuO nanofluid had the highest thermal conductivity. It was found that the highest efficiency
was obtained for the CuO nanofluid plus air compared to water plus air, nanofluid and
water. The performances of the bi-fluid system PVT (water-air) and the PVT water system
are presented using a numerical model developed by El Manssouri et al. [18]. The analysis
showed that the bi-fluid system PVT has a higher thermal efficiency than the water-based
system PVT. However, the electrical efficiency of the two configurations does not seem to
differ. Viet et al. [19] developed a numerical simulation program to evaluate and compare
four PVT module models in terms of exergy and energy efficiency. The first model consists
of an air duct above the PV cell and a spiral water pipe below the cell, the second model
consists of an air duct above the PV cell and a parallel water pipe below the cell, the
third model consists of spiral water pipes below the cell, and the fourth model consists of
parallel water pipes below the cell. The results show that the first model has the highest
thermal efficiency of 54.85% and the highest energy and exergy efficiencies of 57.85%
and 15.67%, respectively. The third model has the highest electrical efficiency of 13.67%.
Charalambous et al. [20] classified the PVT system into two categories: conventional and
advanced systems PVT. The conventional PVT system is classified into air, water, and
air-water based on the type of heat transfer medium [20–22]. The advanced PVT system is
classified based on the heat transfer techniques for nano-liquid, refrigerant, phase change
material (PCM), concentrated and heat pipe integration of PVT systems with different
infrastructure. Fuentesa et al. [23] compared the actual performance of the PVT system
with that of a PV-only system. Their results showed that the commercial PVT has lower
performance (ηelec. = 15.3 − 18.2%) than PV (ηelec. = 16.1 − 19.1%) and thermal systems
separately. Souliotis et al. [24] found that the maximum electrical efficiency is 13.5% and the
maximum thermal efficiency is 57% when the cooling water temperature is reduced. Rejeb
et al. [14] developed a model for PVT systems and studied the effects of solar intensity, water
temperature, and number of glass covers on thermal and electrical efficiency. It was found
that the maximum electrical and thermal output were 8119 kWh/m2 and 49.44 kWh/m2,
respectively. Joshi et al. [25] studied the performance of PVT air collectors and found
that the instantaneous total energy and total energy efficiency ranged from 12–15% and
55–65%, respectively. Fakouriyan et al. [26] studied the performance of PVT system under
real weather conditions with water as coolant. The results show that the efficiency of
the PV system without cooling water is 10.9%; with cooling water, the total efficiency of
energy, thermal energy and electrical energy are 61.7%, 49.4% and 12.3%, respectively. A
numerical and experimental study was conducted by Omer et al. [27]. They found that the
total efficiency of the PVT system with a glass cover is 7% higher than the total efficiency
without a glass cover. Mingke et al. [28] demonstrated a photovoltaic-photo thermal-
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radiative cooling system (PV-PT-RC) that can generate electrical and thermal energy with
a total efficiency of 40.4% to 56.9% and provide 2.90 MJ of chilled water during the day.
Manokar et al. [29] presented a review of solar distillation systems using PVT collectors and
found that the daily production is 6–12 kg/m2. Finally, a hybrid PVT system produces more
thermal and electrical energy than the same area covered partly with PV only and partly
with a thermal collector only. This is the main advantage of the PVT collector according to
Zondag et al. [30].

In the present work, a comparative study of hybrid PVT systems with different cooling
channel configurations and different coolants is developed to estimate the electrical and
thermal performance. The main objective of the current work is to develop a numerical
model that simulates the possible patterns of the PVT system. The developed model will
be compared with other published work. It will also be investigated how the system
patterns affect system performance and how different weather and operating conditions
affect system performance.

2. PVT System Details

Figure 1 displays an illustrative diagram of various PVT system patterns.
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Figure 1. Various PVT patterns (a) cooling with two fluid (b) cooling with one fluid below the panel
(c) cooling with one fluid above the panel.

The PVT system in Figure 1 is configured in the following ways:

1. Two fluids are used to cool the PV panel, one on top and one on bottom.
2. Air is on the top side, and water is on the bottom side. (Pattern 1)
3. Air is present on both the top and bottom sides. (Pattern 2)
4. One fluid (water or air) is used as coolant for PV panel.
5. Air is on the top side. (Pattern 3)
6. Air is on the bottom side. (Pattern 4)
7. Water is on the bottom side. (Pattern 5)

3. Mathematical Model
3.1. Energy Model

The energy model is presented in Figure 2, and the energy balance equations of the
system components [14,31–34] are the following.
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For glass cover,

ρg1.Cp−g1.w.∆x.δg. ∂Tg(i,t)
∂t

= s.w.∆x.αg + w.∆x.qradpv−g − w.∆x.qconvg− f 1 − w.∆x.qconvg−amb − w.∆x.qradg−amb

(1)

For fluid 1

ρ f 1.Cp− f 1.w.∆x.δ f 1.
∂Tf 1(i, t)

∂t
= w.∆x. qconvpv− f 1 + w.∆x.qconvg− f 1 −

.
m.C f 1.

[
Tf 1(i + 1, t)− Tf 1(i, t)

]
(2)

For PV module,

ρpv.Cp−pv.w.∆x.δpv. ∂Tpv(i,t)
∂t = s.w.∆x.τg.αpv − w.∆x.qradpv−g − w.∆x.qconvpv− f 1 − w.∆x.qconvpv− f 2−

w.∆x.qradpv−pl
−

.
Eelec

(3)

For fluid 2

ρ f 2.Cp− f 2.w.∆x.δ f 2.
∂Tf 2(i, t)

∂t
= w.∆x.qconvpv− f 2 − w.∆x.qconv f 2−pl −

.
m.C f 2.

[
Tf 2(i + 1, t)− Tf 2(i, t)

]
(4)

For plate

ρpl .Cp−pl .w.∆x.δpl .
∂Tpl(i, t)

∂t
= w.∆x.qconv f 2−pl + w.∆x.qradpv−pl

− w.∆x.qlosspl−amb
(5)

The electrical energy efficiency is calculated as the following [35]:

ηelc. =

.
Eelc.
.
Esun

= ηre f .
[
1 − 0.0045.

(
Tpv − 298.15

)]
(6)

where, ηref = 0.1545 at Tpv = 25 ◦C and s = 1000 W/m2

The heat transfer rates are calculated as a follows

qconvg− f 1 = hconvg− f 1 .
(

Tg − Tf 1

)
(7)

qconvg−amb = hconvg−amb. .
(

Tg − Tamb.
)

(8)
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qradg−amb
= hradg−amb.

.
(

Tg − Tamb.
)

(9)

qradpv−g = hradpv−g .
(

Tpv − Tg.
)

(10)

qconvpv− f 1 = hconv.pv− f 1 .
(

Tpv − Tf 1.

)
(11)

qconvpv− f 2 = hconv.pv− f 2 .
(

Tpv − Tf 2

)
(12)

qradpv−pl
= hradpv−pl

.
(

Tpv − Tpl.

)
(13)

qconv f 2−pl = hconv. f 2−pl .
(

Tf 2 − Tpl

)
(14)

qlosspl−amb
= U.Apl .

(
Tpl − Tamb

)
(15)

The heat transfer coefficients are calculated in Appendix A.
By substituting using the equations from (6)–(15) on Equations (1)–(5), the energy

balance equation of the glass cover can be rewritten as follows:

ρg1.Cp−g1.w.∆x.δg. ∂Tg(i,t)
∂t

= s.w.∆x.αg + w.∆x.hradpv−g .
(

Tpv − Tg.
)
− w.∆x.hconvg− f 1 .

(
Tg − Tf 1

)
−w.∆x.hconvg−amb. .

(
Tg − Tamb.

)
− w.∆x.hradg−amb.

.
(

Tg − Tamb.
) (16)

ρg1.Cp−g1.δg. ∂Tg(i,t)
∂t

= s.αg + hradpv−g . Tpv + hconvg− f 1 .Tf 1 −
(

hradpv−g + hconvg− f 1 + hconvg−amb. + hradg−amb

)
.Tg

+(hconvg−amb. + hradg−amb.
).Tamb

(17)

Substitute into (17) by

A1 = hradpv−g

B1 = hconvg− f 1

C1 = −
(

hradpv−g + hconvg− f 1 + hconvg−amb. + hradg−amb

)
D1 = 0.0

E1 = 0.0

and
F1 = −s.αg − (hconvg−amb. + hradg−amb.

).Tamb

Hence, Equation (17) becomes

ρg1.Cp−g1.δg.
∂Tg(i, t)

∂t
= A1. Tpv + B1.Tf 1 + C1.Tg + D1.Tf 2 + E1.Tpl − F1 (18)

Similarly, Equations (2)–(5) can be rewritten as

ρ f 1.Cp− f 1.δ f 1.
∂Tf 1(i, t)

∂t
= A2. Tpv + B2.Tf 1 + C2.Tg + D2.Tf 2 + E2.Tpl − F2 (19)

ρpv.Cp−pv.δpv.
∂Tpv(i, t)

∂t
= A3. Tpv + B3.Tf 1 + C3.Tg + D3.Tf 2 + E3.Tpl − F3 (20)
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ρ f 2.Cp− f 2.δ f 2.
∂Tf 2(i, t)

∂t
= A4. Tpv + B4.Tf 1 + C4.Tg + D4.Tf 2 + E4.Tpl − F4 (21)

ρpl .Cp−pl .δpl .
∂Tpl(i, t)

∂t
= A5. Tpv + B5.Tf 1 + C5.Tg + D5.Tf 2 + E5.Tpl − F5 (22)

The thermal energy efficiency of PVT is calculated as follows,

ηth =

.
Eth
.
Esun

(23)

3.2. Exergy Model

The exergy PV/T model is presented in Figure 3 and the exergy equations is defined
as [36–39]

∑
.

Exin = ∑
.

Exout (24)

∑
.

Exin =
.

Exsun + ∑
.

Ex f−in =
.

Exsun +
.

Ex f 1−in +
.

Ex f 2−in (25)

∑
.

Exout =
.

Exsun + ∑
.

Ex f−out +
.

Exelec + ∑
.

Exloss

=
.

Ex f 1−out +
.

Ex f 2−out +
.

Exelec + ∑
.

Exloss

(26)

..
Exsun = A. s.

[
1 − 4

3
.
(

Tamb
Ts

)
+

1
3

.
(

Tamb
Ts

)4
]

(27)

.
Ex f 1−in =

.
M f 1−in.

[(
th f 1−in − thamb

)
− Tamb

(
s f 1−in − samb

)]
(28)

.
Ex f 1−out =

.
M f 1−out.

[(
th f 1−out − thamb

)
− Tamb

(
s f 1−out − samb

)]
(29)

.
Ex f 2−in =

.
M f 2−in.

[(
th f 2−in − thamb

)
− Tamb

(
s f 2−in − samb

)]
(30)

.
Ex f 2−out =

.
M f 2−out.

[(
th f 2−out − thamb

)
− Tamb

(
s f 2−out − samb

)]
(31)

.
Exelec =

.
Eelec (32)

Electrical exergy efficiency is

ζelec =

.
Exelec

..
Exsun

(33)

Thermal exergy efficiency is

ζth =
∑

.
Ex f−out − ∑

.
Ex f−in

..
Exsun

(34)
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4. Solution Method

At steady state, the Equations (18)–(22) can be rewritten as

0.0 = A(35)1. Tpv + B1.Tf 1 + C1.Tg + D1.Tf 2 + E1.Tpl − F1 (35)

0.0 = A2. Tpv + B2.Tf 1 + C2.Tg + D2.Tf 2 + E2.Tpl − F2 (36)

0.0 = A3. Tpv + B3.Tf 1 + C3.Tg + D3.Tf 2 + E3.Tpl − F3 (37)

0.0 = A4. Tpv + B4.Tf 1 + C4.Tg + D4.Tf 2 + E4.Tpl − F4 (38)

0.0 = A5. Tpv + B5.Tf 1 + C5.Tg + D5.Tf 2 + E5.Tpl − F5 (39)

The system of linear Equations (35)–(39) can be solved using MATLAB program. The
flow chart of the computer program used to calculate the temperatures of the PV module,
the fluid 1, the glass cover, the fluid 2, and plate is shown in Figure 4.

To simplify the calculation, the incident remains perpendicular to the surface of PV
cell during the daytime.
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5. Results
5.1. Validation of Current Model

The model’s results were compared with the published results of several researchers,
as follows.

5.1.1. Comparison of Efficiencies

A comparison of the thermal and electrical efficiencies of the present results with the
simulation results of Viet et al. [19], as shown in Figure 5, showed closeness.
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Figure 5. Comparison of the thermal-electrical efficiency of the present work and Vielt [19].

Figure 6 shows the comparison of the total efficiency of the present work with that
of Oussama [18] under the same weather conditions, design parameters, water flow rate
(0.0075 kg/(s·m2), and air flow rate (0.008 kg/(s·m2). The maximum deviation between the
present work and Oussama [18] is 6.8%.
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Figure 6. (a) Weather conditions of Oussama [18] (b) Comparison of the total efficiency of the present
work and Oussama [18].

Figure 7a shows the hourly variations in the electrical efficiency of PVT compared to
the results of Sobhnamayan et al. [40] for the same design parameters (water flow rate of
0.037 kg/s, panel size of 1.1 × 0.5 m2) and weather conditions in Table 1.

Table 1. Weather conditions of the PVT water collector [40].

Time Solar Intensity (W/m2) Ambient Temperature (◦C) Inlet Water Temperature (◦C)

8 325 25 27

9 450 26 30

10 600 28 34

11 800 30 38

12 750 31 40

13 700 33 44

14 600 32 46

15 500 31 48

16 300 30 50
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Figure 7b shows the hourly variations in electrical efficiency compared to the results
of Govind et al. [41] for the same design parameters (water mass flow rate of 0.067 kg/s,
panel size of 1.02 × 0.6 m2) and weather conditions in Table 2.

Table 2. Weather conditions of the PVT water collector [41].

Time Solar Intensity (W/m2) Ambient Temperature (◦C) Inlet Water Temperature (◦C)

10 600 33 33

11 750 33.5 34

12 900 36 35

13 850 35.8 37

14 750 35.5 42

15 600 34.8 43

16 450 32.5 44
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Figure 7. Hourly variations in efficiency of electrical energy (a) for present model and [40] (b) for
present model and [41].

Figure 8a shows the variations in electrical efficiency and Figure 8b shows the vari-
ations in thermal efficiency PVT compared to the results of Evola et al. [42] for the same
design parameters (water flow rate of 0.0815 kg/s, panel size of 3.67 m2) and weather
conditions in Table 3.

Table 3. Weather conditions of the PVT water collector [42].

Time Solar Intensity (W/m2) Ambient Temperature (◦C) Inlet Water Temperature (◦C)

8 720 26 35

9 800 28 35

10 850 30 35

11 870 32 35

12 890 35 35

13 860 36 35

14 860 35 35

15 820 34 35

16 720 33 35

17 550 30 35
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Figure 8. Hourly variations in (a) electrical efficiency for present model and [42] (b) thermal efficiency
for present model and [42].

5.1.2. Comparison of Panel Temperatures

Figure 9a shows the variations of panel temperature, compared with the result of
Feng et al. [43] at the same design parameters (airflow rate of 0.0576 kg/s, panel size of
1.2 × 0.527 m2), with the same configurations and weather conditions in Table 4.

Table 4. Weather conditions of the PVT air collector [43].

Time Solar Intensity (W/m2) Ambient Temperature (◦C)

9 200 30

10 400 31

11 600 32

12 900 33

13 1000 34

14 950 35

15 900 37

16 800 36

17 600 35

18 300 34

Figure 9b shows that the variations of panel temperature, compared with the result of
Su et al. [44], at the same design parameters (airflow rate and water flow rate of 0.05 kg/s,
panel size of 1.5 × 1.0 m2), with the same configurations and weather conditions in Table 5.

Table 5. Weather conditions of the PVT air collector [44].

Time Solar Intensity (W/m2) Ambient Temperature (◦C)

8 130 7

9 220 12

10 430 15

11 550 18

12 680 20

13 600 22

14 280 22

15 260 22

16 100 21
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5.1.3. Comparison of Outlet Water Temperatures

Figure 10a shows the hourly variations in PVT outlet water temperature compared
with the result of Sobhnamayan et al. [40].

Energies 2023, 16, x FOR PEER REVIEW 12 of 24 
 

 

  
(a) (b) 

Figure 9. Hourly variations in panel temperature (a) for present model and [43] (b) for present model 
and [44]. 

5.1.3. Comparison of Outlet Water Temperatures 
Figure 10a shows the hourly variations in PVT outlet water temperature compared 

with the result of Sobhnamayan et al. [40]. 
Figure 10b shows the hourly variations in PVT outlet water temperature compared 

with the result of Govind et al. [41]. 

  
(a) (b) 

Figure 10. Hourly variations in outlet water temperature (a) for present model and [40] (b) for 
present model and [41]. 

5.2. Model Results 
5.2.1. Specification of PV Module 

The tilted angle between PV cells and solar is neglected, which has little effect on 
simulation analysis [44], with the mass air flow rate of 0.06 kg/s and with the mass water 
flow rate of 0.06 kg/s. PV panel characteristics are shown in Table 6. The fluid channel is a 
rectangular shape and the design parameters of the fluid channel are shown in Table 7. 

  

Figure 10. Hourly variations in outlet water temperature (a) for present model and [40] (b) for present
model and [41].

Figure 10b shows the hourly variations in PVT outlet water temperature compared
with the result of Govind et al. [41].

5.2. Model Results
5.2.1. Specification of PV Module

The tilted angle between PV cells and solar is neglected, which has little effect on
simulation analysis [44], with the mass air flow rate of 0.06 kg/s and with the mass water
flow rate of 0.06 kg/s. PV panel characteristics are shown in Table 6. The fluid channel is a
rectangular shape and the design parameters of the fluid channel are shown in Table 7.

Table 6. PV panel characteristics.

Type Polycrystalline

Maximum Power 300 Watt

Open circuit voltage 45.7 V

Short circuit current 8.55 A

ηref 15.45%

Cell size 156 mm × 156 mm

Dimensions 1956 × 992 × 50 mm
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Table 6. Cont.

Type Polycrystalline

The thickness of solar cell 0.3 mm

The thermal conductivity of solar cell 0.036 W/M·K
The absorptivity of solar cell 0.85

The emissivity of solar cell 0.97

Table 7. Design parameters of fluid channel.

The length of fluid channel 1956 mm

The width of fluid channel 992 mm

The depth of fluid channel 50 mm

The thermal conductivity of insulator 0.035 W/m·K
The thickness of insulator 50 mm

The thickness of glass cover 0.5 mm

The thermal conductivity of glass cover 1 W/m·K
The absorptivity of glass cover, 0.06

The transmissivity of glass cover 0.84

The emissivity of glass cover 0.93

The results of the current model will be presented in this section as follows:

5.2.2. Comparison Cooling Configurations

Figure 11a,b show the hourly variations in ambient temperature and solar radiation
during a winter day and summer day in Sakaka, KSA, respectively.
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Figure 11. Hourly variations in ambient temperature and solar intensity (a) during Winter day
(b) during Summer day.

Figure 12a,b show the hourly variations of the temperature of the PVT panel for differ-
ent configurations. It was found that the lowest temperature of the panel is reached when
water is used as a coolant at the bottom of the panel (pattern 5) (with maximum temperature
at 13:00 (average temperature 44 ◦C). On the other hand, the highest temperature of the
panel is reached when air is used as a coolant above and below the panel (pattern 2) (with
maximum temperature at 13:00 (average temperature 65.5 ◦C), where air acts as a heat
insulator rather than a coolant, so it is better to use water as a coolant [43]. Where the
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temperature of the panel depends on the properties of the fluids and the operating condi-
tions. First, about the properties of fluids: The thermal conductivity of air is very low (0.02
W/m·K), which is why it is considered insulating. In contrast, the thermal conductivity
of water, 0.6 W/m·K, is 300 times higher than that of air. In addition, the heat capacity of
air is very low (1292 kJ/m3·K) compared to the heat capacity of water (4184 kJ/m3·K), so
the water can efficiently absorb heat from the panel. Second, the temperature of the panel
depends on the operating conditions, such as the inlet temperature and the flow rate of
the fluid.

Figure 13a,b show the hourly variations of electrical energy efficiency for different
configurations. It was found that the highest efficiency of the electrical energy of the panel
is achieved when the water cooling is used at the bottom of panel (pattern 5) (average
electrical efficiency 13.6%). On the other hand, the lowest electrical energy efficiency is
achieved when air cooling is used above and below the panel (pattern 2) (average electrical
efficiency 12.1%), with the air acting as a thermal insulator rather than a coolant. This
results in an increase in the temperature of the panel and thus a decrease in the electrical
energy efficiency of the panel.
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Figure 12. Hourly variations in panel temperature of PVT system for different configurations.
(a) during Winter day (b) during Summer day.
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Figure 13. Hourly variations in efficiency of electrical energy for different configurations. (a) during
Winter day (b) during Summer day.

Figure 14a,b show the hourly variations in thermal energy efficiency for different
patterns. It was found that the highest thermal energy efficiency of the panel occurred
when using coolant water at the bottom of the panel and air in the top (pattern 1) (aver-
age thermal efficiency 75%). On the other hand, the lowest efficiency of thermal energy
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the panel occurred when using coolant air below the panel (pattern 4) (average thermal
efficiency 20%).

Figure 15a,b show the hourly variations in the efficiency of total energy for different
configurations. It was found that the highest efficiency of total energy is achieved when
using water as coolant at the bottom of the panel and air in the top (pattern 1) (average
total energy efficiency 90%). Otherwise, the lowest efficiency of total energy in the panel
is obtained when using coolant air below the panel (pattern 4) (average total energy
efficiency 34%).
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Figure 14. Hourly variations in efficiency of thermal energy for different configurations. (a) during
Winter day (b) during Summer day.

Figure 16a,b show the hourly variations in efficiency of electrical exergy for different
configurations. It was found that the highest electrical exergy efficiency of the panel is
achieved when using water cooling at the panel bottom (pattern 5) (average electrical
exergy efficiency 13.6%). On the other hand, the lowest efficiency of electrical exergy is
achieved when using air cooling above and below the panel (pattern 2) (average electrical
exergy efficiency 12.1%), where the air acts more as a heat insulator than a coolant. This
causes a rise in the temperature of the panel and, thus, a decrease in the electrical exergy
extracted from the panel.
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Figure 16. Hourly variations in efficiency of electrical exergy for different configurations (a) during
Winter day (b) during Summer day.

Figure 17a,b show the hourly variations in efficiency of thermal exergy of for different
configurations. It was found that the highest efficiency of thermal exergy is achieved when
using cooling water at the panel bottom (pattern 5) (average thermal exergy efficiency
18.5%). On the other hand, the lowest efficiency of thermal exergy is achieved when using
air cooling below the panel (pattern 4) (average thermal exergy efficiency 1%). This is due
to the thermal exergy extracted from water being higher than the thermal exergy from
the air.
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Figure 18a,b shows the hourly variations in the efficiency of total exergy for different
configurations. It was found that the highest efficiency of total exergy is achieved when
using cooling water at the bottom (pattern 5) (average electrical exergy efficiency 32.1%).
On the other hand, the lowest efficiency of total exergy is achieved when using air cooling
below the panel (pattern 4) (average total exergy efficiency 13.1%).
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5.2.3. Effect of Water Flow Rate on PVT System

Figure 19a represents the influence of the cooling water mass flow rate on the average
temperature of the panel. It is found that when the water flow rate is increased from 0.01 to
0.2 kg/s, the temperature of the plate decreases by 6 ◦C due to an increase in the velocity
of the water through the channel, which causes an increase in the Nusselt number and an
increase in the heat transfer coefficient.

While Figure 19b shows a 25% increase in the overall energy efficiency when the mass
flow rate of water is increased from 0.01 to 0.2 kg/s, which is due to the increase in the
efficiency of thermal energy as well as the efficiency of electrical energy of the panel due to
the lower panel temperature, the rate of increase in efficiency decreases after 0.05 kg/s due
to the attainment of fully turbulent flow. Figure 19c shows a 7% increase in the total exergy
efficiency when the mass flow rate of the water is increased, which is due to the increase in
the thermal exergy efficiency of the system as well as the electrical exergy efficiency of the
panel due to the decrease in the panel temperature. After a mass flow rate of 0.05 kg/s, the
rate of increase in efficiency decreases due to the attainment of a fully turbulent flow.
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5.2.4. Effect of Solar Intensity

The effects of solar intensity (300 to 900 W/m2) on average panel temperature, total
energy efficiency, and efficiency of total exergy are presented in Figure 20

Increasing the intensity of solar radiation leads to two effects. The first effect is to
increase the panel’s temperature (by 10 ◦C), which leads to a decrease in the electrical
energy efficiency (by 1%), of the system. The second effect is a rise in the outlet water
temperature, which causes an increase in the thermal energy gained and a decrease in the
thermal energy lost, so the thermal energy efficiency of the system tends to be constant. All
of those lead to a slight decrease in the efficiency of total energy as solar radiation increases.
The same analysis applies to the efficiency of total energy for the system.
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5.2.5. Effect of Ambient Temperature

The effects of ambient temperature (25 to 40 ◦C) on panel average temperature, total
energy, and efficiency are shown in Figure 21. Increasing the ambient temperature leads
to two effects. The first effect is to increase the temperature (by 5 ◦C) of the panel, which
causes a decrease in the electrical energy efficiency (by 0.5%). The second effect is a decrease
in the thermal energy lost, which causes an increase in the thermal energy gained, so the
thermal energy efficiency of the system tends to increase. As the ambient temperature rises,
all of these factors contribute to an increase in the total energy efficiency of the system
(by 40%). The same analysis applies to the total exergy efficiency of the system.
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6. Conclusions

In this work, PVT systems are simulated with different cooling patterns. The proposed
model was validated with other published works, and energy and exergy analyses were
performed to obtain the following results:

1. The verification of the model showed good agreement with other published works [40–44].
2. The best cooling system is using water at the bottom of the panel (pattern 5), fol-

lowed by using air at the top of the panel and water at the bottom of the panel, and
the worst is using air at the bottom and top of the panel (pattern 2). The average
panel temperature of pattern 5 is 21 ◦C lower than the average panel temperature of
pattern 2.

3. The highest efficiency of total energy is achieved with 90% when water is used as
coolant at the bottom of the panel and air at the top (pattern 1); 34% is the lowest
efficiency of total energy when air is used as coolant at the bottom of the panel
(pattern 4).

4. The performance of the PVT system was improved by increasing the water flow rate
up to 0.05 kg/s. Above 0.05 kg/s, the improvement is insignificant.

5. An increase in solar radiation has no effect on the performance of the PVT system.
6. Increasing the ambient temperature will increase the collector temperature, decreasing

the electrical energy efficiency by up to 13.5% but increasing the total energy efficiency
in the PVT system by up to 90%.
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Nomenclature
The following abbreviations are used in this manuscript:

A Area (m2) Subscripts
D Diameter a Air
Cp Specific heat of fluid (J/kg·K) amb Ambient
.
E Electric Power (W) conv Convection

.
Ex Exergy eff Effective
h Coefficient of heat transfer (W/m2·K) f1 Fluid 1
i interval el Electrical
.

m Flow rate of mass (kg/s) f2 Fluid 2
k Thermal conductivity (W/m·K) g Glass cover
Nu Nusslet number h Hydraulic
P∗ Power (W) in Input
Pr Prandtl number ins Insulation
PV Photovoltaic panel loss loss
PVT Photovoltaic thermal max Maximum
q Heat transfer per unit area (J/m2) out Outlet
s Specific entropy (J/kg · K) pl plate
Re Reynolds number pv Photovoltaic unit
t Time (s) rad radiation
T Temperature (K) ref Reference
th Specific enthalpy (J/kg) t Time
x Interval of length (m) th Thermal
V Velocity (m/s) W Wind
w Width (m) w Water
Greeks
α Absorptivity
η Energy Efficiency
ρ Density (kg/m3)
ζ Exergy efficiency
σ Stefan-Boltzmann constant (W/m2·K4)
ε Emissivity
µ Dynamic viscosity (kg/m·s)
δ Thickness (m)
τ Transmissivity of glass cover

Appendix A

Heat transfer rates:
qconvg− f 1 = hconvg− f 1 .

(
Tg − Tf 1

)
qconvg−amb = hconvg−amb. .

(
Tg − Tamb.

)
qradg−amb

= hradg−amb.
.
(

Tg − Tamb.
)

qradpv−g = hradpv−g .
(

Tpv − Tg.
)

qconvpv− f 1 = hconv.pv− f 1 .
(

Tpv − Tf 1.

)
qconvpv− f 2 = hconv.pv− f 2 .

(
Tpv − Tf 2

)
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qradpv−pl
= hradpv−pl

.
(

Tpv − Tpl.

)
qconv f 2−pl = hconv. f 2−pl .

(
Tf 2 − Tpl

)
qlosspl−amb

= U.Apl .
(

Tpl − Tamb

)
Heat transfer Coefficients:
The convection heat transfer coefficient between fluid (1) and (or PV)

hconvg− f 1 =
Nu.K f 1

Dh

For fully developed laminar flow

Nu = 7.54 +
0.03

(
Dh
∆.x

)
.Re f 1.Pr f 1

1 + 0.016
[(

Dh
∆.x

)
.Re f 1.Pr f 1

]2/3

For fully developed turbulent flow

Nu = 0.023.Re f 1
0.8.Pr f 1

0.4

Re f 1 = ρ.V.Dh
µ

Pr f 1 =
Cp f 1.µ f 1

k f 1

The heat transfer coefficient of convection between fluid (1) and PV panel

hconvpv− f 1 =
Nu.K f 1

Dh

The heat transfer coefficient of convection between glass and ambient

hconvg−amb. = 2.2.vW + 8.3

The heat transfer coefficient of radiation between glass and ambient

hradg−amb.
= εg.σ.

(
T2

g + T2
amb

)
.
(
Tg + Tamb

)
The heat transfer coefficient of radiation between glass and ambient

hradpv−g =
σ.
(

T2
pv + T2

g

)
.
(
Tpv + Tg

)
1

εpv
+
(

1
εg

− 1
)

The heat transfer coefficient of convection between fluid (2) and PV panel

hconvpv− f 2 =
Nu.K f 2

Dh

For fully developed laminar flow

Nu = 7.54 +
0.03

(
Dh
∆.x

)
.Re f 2.Pr f 2

1 + 0.016
[(

Dh
∆.x

)
.Re f 2.Pr f 2

]2/3



Energies 2023, 16, 3052 23 of 25

For fully developed turbulent flow

Nu = 0.023.Re f 2
0.8.Pr f 2

0.4

Re f 2 =
ρ f 2.V.Dh

µ

Pr f 2 =
Cp f 2.µ f 2

k f 2

The heat transfer coefficient of radiation between PV Panel and plate

hradpv−pl
=

σ.
(

T2
pv + T2

pl

)
.
(

Tpv + Tpl

)
1

εpv
+
(

1
εpl

− 1
)

The overall heat Transfer coefficients loss

U =
1

1
hconvpl−amb

+ δins
Kins

The heat transfer coefficient of convection between ambient and insulation

hconvins−amb. = 2.2·vW + 8.3

Properties of water

ρw = −0.00448·(T(K)− 273.15)2 + 999.9

Kw = 0.6067·
[
−1.265 + 3.704·

(
T(K)

298.15

)
− 1.439·

(
T(K)

298.15

)2
]

CPw = −0.000046·(T(K))3 + 0.0552·(T(K))2 − 20.86·T(K) + 6719.637

µw = 0.00002414·
(

10(
247.8

T(K)−140 )
)

Properties of air

Cpa = (1.031 + 0.0001387 + 0.0001299.T)·103

ρa =
352.9890
(273.5+T)

Ka = [0.0015 + (0.0974·(T + 273.5)− 3.332)]·10−3

µa = [1.6157 + (0.06523·(T + 273.5)− 0.0000302)]·10−6
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