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ABSTRACT: Solar thermal (ST) collectors could only generate thermal power, while photovoltaic 

thermal (PVT) systems could provide both electricity and thermal power. However, the PVTs outlet 

temperature is usually not high enough for use in many applications such as space heating. Therefore, 

a new system called PVT system and ST collector in series (PVT-ST) is inducted to generate thermal 

power with higher outlet temperature and electricity. This paper explores the potential and feasibility 

of using PVT-ST under relatively hot and dry weather conditions in four cities of Tehran, Abadan, 

Baghdad, and Basra. To this end, the yearly performance of the system in terms of the first and second 

laws of thermodynamics is numerically evaluated. Moreover, the effects of the working fluid mass 

flow rate, in both laminar and turbulent regimes, on the module performance are investigated. 

Additionally, a comparative study is made between the PVT-ST, single PVT, and single ST systems. 

The working fluid regime analysis reveals that optimal thermal and electrical efficiency can be obtained 

in a turbulent regime. While the turbulent regime reflects better electrical exergy, the thermal exergy 

is dramatically decreased by raising the mass flow rate. Considering the mass flow rate of 0.0304 kg/s 

(turbulent regime) in July, the thermal efficiencies of the single ST, PVT-ST, and single PVT systems 

are 85.7%, 78%, and 72.9%, respectively. However, regardless of the mass flow rate, the PVT-ST 

system has the highest thermal exergy, peaking at 14.56 W/m2 at the lowest mass flow rate (laminar 

regime), which is double the thermal exergy of the single PVT. Finally, the annual study of the system 

performance in different cities illustrates that the maximum thermal power and exergy can be produced 

in Basra, averaging 375.72 and 1.46 W/m2. However, the maximum electricity production, with 

 an average of 77 W/m2 belongs to Baghdad. 
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INTRODUCTION 

To cope with environmental concerns due to using 

fossil fuels and the daily demand increase for energy, 
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replacing renewable energy resources, e.g., solar, 

hydropower, bioenergy, and wind with fossil fuels has 
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been widely considered. Among diverse sources of 

renewable energies, solar energy has attracted more 

attention thanks to being unlimited and accessible 

worldwide [1]. The total solar radiation received by our 

planet is approximately 15000 times the overall energy 

consumed around the world [2]. Therefore, to benefit from 

this valuable source of energy, many technologies are 

developed to convert solar radiation to different types of 

energy. As one of the most popular solar systems, 

photovoltaic (PV) technology is developed to convert solar 

radiation into electricity. Many researchers have studied 

the performance of these systems and suggested different 

ways to improve their performance [3]. 

Furthermore, in order to use solar radiation in the form 

of thermal energy, solar thermal (ST) collectors are 

designed [4]. In these systems, the solar radiation is 

absorbed by an absorber plate/tube and then transfers to a 

working fluid. To improve the performance of STs, several 

studies have been carried out by investigating the 

geometry [5], using nanofluids [6], vortex generators [7], 

and Phase Change Materials (PCM) [8]. PVs could only 

convert a portion of received solar radiation (in the visible 

range) into electricity, while the rest share of the absorbed 

energy only increases the PV cells temperature, leading to 

a reduction in electrical performance and lifetime of PV 

cells [2]. To resolve the problem and extract the extra 

absorbed energy by PVs, a combination of PV and ST 

systems is introduced, named PhotoVoltaic Thermal (PVT) 

modules [9]. By employing PVTs, both heat and electricity 

could be produced simultaneously. However, there are still 

some limitations to the widespread use of PVT systems. 

One of the major drawbacks of these systems is their low 

outlet temperature and thermal exergy compared to the 

STs. To improve the exergy of these systems, different 

methods such as employing nanofluids, Nano-Phase 

Change Materials (NPCM), and glass cover are 

recommended [10]. Many researchers have attempted to 

increase the performance of PVTs using different 

enhancement methods like adding nanoparticles to 

working fluid [11], using PCM [12], NPCM [13], 

implementing inserts through the working fluid path [14], 

and employing thermoelectric [15]. 

Recently, a combination of PVT and ST systems, 

called PVT-ST, has been introduced to make higher 

thermal energy. For the first time, the PVT-ST was proposed 

by Ma et al. [16]. They discussed the system's performance 

under the Shanghai weather for an entire year using 2D 

numerical modeling. They presented the monthly average 

thermal and electrical efficiency, where the maximum and 

minimum electrical power were obtained in July and 

November, equal to about 35.8 and 18.20 kWh, 

respectively. Regarding thermal power, the maximum and 

minimum values were reported for July (35.8 kWh) and 

January (18.20 kWh), respectively. Using the same 2D 

numerical model and considering the Mashhad, Iran, 

weather for one day, Li et al. [17] studied the energy and 

exergy performance of a PVT-ST once the system is 

covered with and without a glass cover. They showed that 

the system with a glass cover had higher thermal energy 

and exergy, while it had lower electrical power in 

comparison with the unglazed one.  

In fixed operating conditions, Han et al. [18] examined 

the performance of PV-ST and PVT-ST systems, 

numerically. In the former system, the PV system 

produced only electricity, and the latter provided thermal 

power. The PVT-ST system reflected better performance 

at higher solar radiation and ambient temperature in 

comparison to the PV-ST system. By considering one day 

in July in Shanghai, Kazemian et al. [19] numerically 

compared the ST, PV, PVT, and PVT-ST systems and 

scrutinized the impacts of several parameters on the PVT-

ST performance. The parameters were working fluid mass 

flow rate, ambient temperature, solar irradiation, working 

fluid inlet temperature, and wind speed. They only 

considered the laminar regime and showed that after solar 

radiation and working fluid inlet temperature, the mass 

flow rate was the influential factor on the system 

performance. In experimental and numerical work, 

Chandan et al. [20] studied the effects of employing glass 

cover on the PVT-ST system. They reported that utilizing 

a glass could raise the outlet temperature by about 2-3 °C 

once the PVT-ST system is employed instead of PVT. 

However, the electrical power of the glazed PVT-ST was 

23% lower than the unglazed one. This study was 

conducted in Chennai, India, for one day in February.  

Based on the literature review, the yearly performance 

of using PVT-ST has not been investigated in hot and dry 

climates. Therefore, there is a research gap that should be 

filled by analyzing the potential use of PVT-ST systems in 

different cities with such weather. Furthermore, previous 

studies were only focused on the laminar flow regime, and 

there is no study on the turbulent one. Consequently, a numerical 
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Fig. 1: Diagram of PVT-ST module 

 

model is developed to assess the system’s annual 

performance in terms of the first and second laws of 

thermodynamics. Four cities—Tehran, Abadan, Baghdad, 

and Basra—are chosen for this study due to favorable 

weather conditions (suitable solar radiation throughout  

the year) for solar systems. In summary, the novelty and 

goals of the present study are as follows: 

• Investigating the performance of the PVT-ST system in six 

months, including January, March, May, July, September, 

and November, considering both energy and exergy analyses. 

• Comparing the performance of the PVT-ST with 

common solar systems of single PVT and single ST. 

• Examining the performance of the system in four 

selected cities in six considered months. 

• Investigating the impacts of using laminar and turbulent 

regimes on the performance of these systems for the first time. 

The results of this study can get a better insight into the widespread 

usage of the PVT-ST systems in areas with hot weather. 

 

THEORETICAL SECTION 

PVT-ST Physical Model 

Fig. 1 shows a PVT-ST diagram in order to 

simultaneously provide the required electricity and 

thermal energy for a residential unit. As can be seen,  

the PVT-ST comprises two separate parts of PVT and ST that 

are connected with a pipeline. The PVT system consists of 

different layers, including, from top to bottom, glass cover, 

PV panel, absorber plate, tubes, and insulation. The ST 

system includes a glass on top of the absorber plate to increase 

solar absorption, an absorber plate, tubes, and insulation.  

The solar collector is made up of copper with serpentine 

pipes. The geometrical and thermophysical properties  

of each part are given in Table 1. 

As mentioned earlier, a working fluid flow in the 

thermal collector is utilized beneath the PV cells to reduce 

the temperature of the PV cells and use extra heat from  

the system. However, the outlet temperature of the working 

fluid is not appropriate for many applications. Therefore, 

the preheated working fluid enters the ST section to increase 

to the appropriate level.  

 

Mathematical Modeling 

A one-dimensional model is developed in the 

FORTRAN language by means of the TDMA scheme [22, 23] 

for the discretization to evaluate the performance of 

the PVT-ST system. It should be mentioned that 

FORTRAN maintains its outstanding performance and 

is appealing to scientists due to its great features such 

as array-oriented design, advanced array support, low 

execution cost, simplicity of use, robust static 

guarantees, productivity, and portability [24, 25]. The 

flowchart of the simulation algorithm is displayed in 

Fig. 2. It should be mentioned that for the simulation 

of the ST part, the terms in equations related to the PV 

surface are removed. Moreover, the outlet temperature 

of the PVT module is set as the inlet temperature of 

the ST system. 

To model the hybrid system, some assumptions 

are made, including (1) working fluid flow inside the 

tubes is assumed to be incompressible and uniform; (2) 

different layers of both PVT and ST systems have 

temperature-independent properties and uniform 

temperature; (3) all surfaces of both systems are 

assumed to be clean with no dust; (4) expect the glass 

top surface, other sides of the system are assumed to 

be completely insulated.  
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Table 1: The geometrical and thermophysical specifications of the hybrid PVT-ST components [21] 

Parameter Symbol Value Unit 

Glass cover    

Thickness 𝛿𝑔  0.003 m 

Length L 0.63 m 

Width W 0.54 m 

Density 𝜌𝑔  2200 
𝑘𝑔

𝑚3
 

Specific heat 𝑐𝑝,𝑔 480 
𝐽

𝑘𝑔. 𝐾
 

Thermal conductivity 𝑘𝑔  1.1 
𝑊

𝑚. 𝐾
 

Absorptivity 𝛼𝑔  0.05 - 

Emissivity 𝜖𝑔  0.92 - 

Transmissivity 𝜏𝑔  0.936 - 

Absorber plate and tubes (copper) 

Thickness of absorber 𝛿𝑎𝑏  0.0003 m 

Thickness of tube 𝛿𝑡 0.001 m 

Outer diameter of tube 𝑑𝑡 0.008 m 

Length L 0.63 m 

Width W 0.54 m 

Density 𝜌𝑎𝑏 /𝑡 8920 
𝑘𝑔

𝑚3
 

Specific heat 𝑐𝑝,𝑎𝑏/𝑡 385 
𝐽

𝑘𝑔. 𝐾
 

Thermal conductivity 𝑘𝑎𝑏/𝑡  398 
𝑊

𝑚. 𝐾
 

Absorptivity 𝛼𝑎𝑏/𝑡 0.95 - 

Emissivity 𝜖𝑎𝑏/𝑡  0.88 - 

PV panel 

Thickness 𝛿𝑝𝑣  0.0003 m 

Length L 0.63 m 

Width W 0.54 m 

Density 𝜌𝑝𝑣 2330 
𝑘𝑔

𝑚3
 

Specific heat 𝑐𝑝,𝑝𝑣 700 
𝐽

𝑘𝑔. 𝐾
 

Thermal conductivity 𝑘𝑝𝑣  84 
𝑊

𝑚. 𝐾
 

Absorptivity 𝛼𝑝𝑣  0.93 - 

Reference temperature coefficient 𝛽𝑝𝑣  0.0045 - 

Packing factor 𝑟𝑝𝑣  0.94 
1

𝐾
 

Reference PV cell efficiency ηpv 0.016 - 

Storage tank  

Volume V 2 𝑚3  
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Fig. 2 Flowchart of simulation algorithm used for PVT-ST 

system modeling 

 

The following governing equations are solved 

simultaneously. The energy equation for glass cover is: 

(𝜌 𝛿 𝑐𝑝)𝑔

𝑑𝑇𝑔

𝑑𝑡
= 𝛼𝑔𝐺 − ℎ𝑟𝑎𝑑,𝑔→𝑎𝑚𝑏 (𝑇𝑔 − 𝑇𝑠𝑘𝑦 )

− ℎ𝑤𝑖𝑛𝑑(𝑇𝑔 − 𝑇𝑎𝑚𝑏) 

+𝑈𝑐𝑜𝑛𝑑,𝑔→𝑝𝑣(𝑇𝑝𝑣 − 𝑇𝑔) + 𝛿𝑔𝛻. (𝑘𝑔𝛻𝑇𝑔) 

(1) 

𝛼gG is the share of the solar irradiation absorbed  

by the glass cover, and the second and third terms refer to 

the convective and radiative heat transfer to the surrounding 

ambient. In this equation, ρ, T, δ, 𝛼, G, and cp are density, 

temperature, thickness, absorptivity, solar radiation, and 

specific heat capacity, respectively. The subscripts of g, pv, 

and amb refer to glass cover, PV panel, and ambient. Tsky 

presents the sky temperature calculated by Eq. (2) [26], which 

is employed for calculating the heat transfer coefficient of 

radiation (Eq. (3)): 

𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎𝑚𝑏
1.5

 (2) 

ℎ𝑟𝑎𝑑,𝑔→𝑎𝑚𝑏 = 휀𝑔𝜎(𝑇𝑔
2 + 𝑇𝑠𝑘𝑦

2)(𝑇𝑔 + 𝑇𝑠𝑘𝑦 ) (3) 

Herein, ε and σ present emissivity and Stefan Boltzman 

constant (5.67 10-8 W/m2 K4), respectively. Moreover,  

in Eq. (1), hwind and Ucond,g→pv present the convection heat 

transfer coefficient related to the wind speed on the flat 

plate (Vwind) and overall heat transfer coefficient between 

the PV panel and glass, respectively, defined as: 

ℎ𝑤𝑖𝑛𝑑 = {
5.7 + 3.8𝑉𝑤𝑖𝑛𝑑 ,  𝑉𝑤𝑖𝑛𝑑 < 5 

𝑚

𝑠

6.47 + 𝑉𝑤𝑖𝑛𝑑
0.78 ,  𝑉𝑤𝑖𝑛𝑑 ≥ 5 

𝑚

𝑠

 (4) 

𝑈𝑐𝑜𝑛𝑑,𝑔→𝑝𝑣 =
1

𝛿𝑔

2𝑘𝑔
+

𝛿𝑝𝑣

2𝑘𝑝𝑣
+ 𝑅𝑔→𝑝𝑣

″

 
(5) 

Herein, k and R"
g→pv present the thermal conductivity 

coefficient and the thermal resistance among the glass and 

PV surface per unit area.  

To write the energy conversion equation for the PV 

layer, the absorbed share of solar irradiation passed from 

the glass cover (𝛼pvτgG), the electrical power generated  

in cells (Eel), and the conduction with other layers  

should be considered as follow: 

(ρ δ cp)pv

dTpv

dt
=αpvτgG-Ucond,pv→ab(Tpv-Tab)-

Ucond,g→pv(Tpv-Tg) − 𝐸𝑒𝑙 + 𝛿𝑝𝑣𝛻. (𝑘𝑝𝑣𝛻𝑇𝑝𝑣) 
(6) 

Where, 𝛼pv and τg are the absorptance and transmittance 

of the PV panel and glass cover, respectively. Moreover, 

𝑈𝑐𝑜𝑛𝑑,𝑝𝑣→𝑎𝑏presents the overall heat transfer coefficient 

between the two layers of PV and absorber, which can be 

determined in the same way like Ucond,g→pv. Eel is generated 

electricity per unit area calculated from [27]:  
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𝐸𝑒𝑙 = −𝐾1𝛽𝑝𝑣𝑇𝑝𝑣 + 𝐾2 

K1=τgGη
0,pv

rpv & K2=K1 (1+298β
pv

) 

K1=τgGη
0,pv

rpv & K2=K1 (1+298β
pv

) 

(7) 

βpv, rpv, and η0,pv are some constant coefficients related 

to the type of PV listed in Table 1. 

The energy equation for the absorber plate is as follows: 

(𝜌 𝛿 𝑐𝑝)𝑎𝑏

𝑑𝑇𝑎𝑏

𝑑𝑡

= Ucond,pv→ab (Tpv-Tab)-
Aab,t

Aab

Ucond,ab→t(Tab-Tt) 

(𝜌 𝛿 𝑐𝑝)𝑎𝑏

𝑑𝑇𝑎𝑏

𝑑𝑡

= Ucond,pv→ab (Tpv-Tab)-
Aab,t

Aab

Ucond,ab→t(Tab-Tt) 

-
𝐴𝑎𝑏,𝑖𝑛

𝐴𝑎𝑏

Ucond,ab→in(Tab-Tin)+δab∇.(kab∇Tab) 

(8) 

In this equation, the t, ab, and in, in order, refer to the 

tube, absorber plate, and insulation. A refers to the 

computational surface area, and Ucond,ab→t and Ucond,ab→in 

present the overall heat transfer coefficients between the 

absorber and two other parts, namely, tube and insulation, 

respectively, which can be determined using a similar 

equation as Eq. (5). 

Next, the energy equation for the tube wall: 

(𝜌 𝛿 𝑐𝑝)𝑡𝑃𝑑𝑥
𝑑𝑇𝑡

𝑑𝑡
= 𝐴𝑎𝑏,𝑡 Ucond,ab→t(Tab-Tt)+Ain,tUcond,t→in(𝑇𝑖𝑛 − 𝑇𝑡 ) 

(𝜌 𝛿 𝑐𝑝)𝑡𝑃𝑑𝑥
𝑑𝑇𝑡

𝑑𝑡
= Aab,t Ucond,ab→t(Tab-Tt)+Ain,tUcond,t→in(𝑇𝑖𝑛 − 𝑇𝑡) 

+ℎ𝑐𝑜𝑛𝑣,t→𝑓 𝑃𝑑𝑥(𝑇𝑓 − 𝑇𝑡) + 𝑘𝑡𝛿𝑡 𝑃𝑑𝑥
𝜕2𝑇𝑡

𝜕𝑥2
 

(9) 

Where, Ucond,t→in and hconv,t→f stand for the overall  

heat transfer coefficient between the tube and insulation  

and convective heat transfer coefficient (subscript of f refers 

to fluid), respectively.  

Finally, the energy equation for the working fluid is: 

(𝜌 𝐴 𝑐𝑝)𝑓𝑑𝑥
𝑑𝑇𝑓

𝑑𝑡

= ℎ𝑐𝑜𝑛𝑣,𝑡→𝑓𝑃𝑑𝑥(𝑇𝑡 − 𝑇𝑓)

− mf

.
cp,fdx

∂Tf

∂x
+

∂

∂x
(kfAf

∂Tf

∂x
) dx 

(10) 

(𝜌 𝐴 𝑐𝑝)𝑓𝑑𝑥
𝑑𝑇𝑓

𝑑𝑡

= ℎ𝑐𝑜𝑛𝑣 ,𝑡→𝑓𝑃𝑑𝑥(𝑇𝑡 − 𝑇𝑓)

− 𝑚𝑓

.
cp,fdx

∂Tf

∂x
+

∂

∂x
(kfAf

∂Tf

∂x
) dx 

To calculate the convection heat transfer (hconv,t→f),  

the Nusselt number (Nu) can be used as follow:  

hconv,f→t =
𝑁𝑢𝑓 𝑘𝑓

𝑑𝑡

 
(11)  

where 𝑑𝑡stands for the inner tube diameter. The Nu 

number calculation in the circular tube depends on the flow 

regime, where for the laminar and turbulent regimes, 

respectively, Eqs. (12) and (13) can be used [28-30]: 

1.33

0.83

Re Pr
0.086

4.36
Re

1 Pr

f f t

t

f

f t
f

t

d

L
Nu

d

L

 
 
 

= +
 

+  
 

 

(12) 

( )
/

2/3

1 2

Re Pr
8

1 112.7 Pr

( 100 )

8

0f f

f

f

f

Nu
f

 
 
 

=
 

+

−

 


−


 

(13) 

Where, in Eq. (12), 𝐿𝑡 is the length of the tube, and,  

in Eq. (13), f is the friction factor determined by the following 

equation for turbulent regime [31]: 

𝑓 =
1

(0.79 𝑙𝑛( 𝑅𝑒𝑓) − 1.64)2
 

(14)  

Two dimensionless numbers of Reynolds (Re) and 

Prandtl (Pr) in Eq. (12) and (13) are determined using  

the following equations [32] : 

 𝑅𝑒𝑓 =
4𝑚𝑓

.

𝜋𝑑𝑡𝜇𝑓

 
(15) 

𝑃𝑟𝑓  =
𝜇𝑓 𝑐𝑝,𝑓

𝑘𝑓

 
(16) 

Where, �̇�f and μf are the mass flow rate and dynamic 

viscosity of the working fluid, respectively. It is 

mentioned that the adiabatic boundary condition is set 

to the tube wall and absorber plate, i.e., the Ucond,t→in and 

Ucond,t→in are assumed to be 0 in this study. Moreover, 

temperature and mass flow rate are applied for the 

boundary condition of the inlet of the tube, while for the 

outlet, the zero gradients for the temperature variable 

are set. 
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Fig. 3: (a) weather conditions of Mashhad and (b) temporal 

variations of the temperatures of working fluid outlet and PV 

surface obtained in this study and experiments conducted by 

Maadi et al. [21] 

 

Performance analysis 

The PVT-ST performance is assessed from the energy 

and exergy viewpoints. As discussed earlier, this system is 

capable of producing thermal and electrical power 

simultaneously. Therefore, the thermal and electrical 

power is calculated as: 

𝐸𝑡ℎ
′′ = 𝑚𝑓

.
cp,f(Toutlet,f-Tinlet,f) (17) 

𝐸𝑒𝑙
′′ = 𝐸𝑒𝑙𝐴𝑝𝑣𝑡 (18) 

Where, Apvt and Eel are the surface area of the PVT 

system and electrical power per area calculated by Eq. (7). 

Moreover, the thermal and electrical efficiencies of this 

system are as follows [9, 33]: 

𝜂𝑡ℎ =
Eth

''

Ein
''

=
mf

.
cp,f(Toutlet,f-Tinlet,f)

(αpv+αab)τgGAtotal

 
(19) 

𝜂𝑒𝑙=
Eel

''

Ein
''

=
Eel

αpvτgG
 

(20) 

Where, Atotal is the total area covered by PVT and ST 

systems. 

The exergy balance for the PVT-ST system is 

written as [34]: 

𝐸𝑥𝑖𝑛
″ = 𝐸𝑥𝑖𝑛𝑙𝑒𝑡

″ − 𝐸𝑥𝑜𝑢𝑡𝑙𝑒𝑡
″ + 𝐸𝑥𝑒𝑙

″ + 𝐸𝑥𝑙𝑜𝑠𝑠
″  (21) 

Herein, �̇�𝑥′′𝑖𝑛 presents the value of the solar irradiation 

exergy received by the total surface of the PVT-ST system 

(Atotal), calculated by [35, 36]: 

𝐸𝑥𝑖𝑛
″ = 𝐺𝐴𝑡𝑜𝑡𝑎𝑙 (1 −

4𝑇𝑎𝑚𝑏

3𝑇𝑠𝑢𝑛

+
1

3
(

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛

)
4

) 
(22) 

Were Tsun is the sun's surface temperature and is equal 

to 5800 K [37]. The first and second terms on the right-

hand side of Eq. (21) refer to the thermal exergy [12]: 

𝐸𝑥𝑖𝑛
″ = 𝐸𝑡ℎ

′′ − 𝑚𝑓

.
𝑐𝑝,𝑓𝑇𝑎𝑚𝑏 𝑙𝑛 (

𝑇𝑜𝑢𝑡𝑙𝑒𝑡

𝑇𝑖𝑛𝑙𝑒𝑡

) (23) 

Furthermore, electrical exergy is equivalent to 

electrical energy; therefore, its value is [37]: 

𝐸𝑥𝑒𝑙
″ = 𝐸𝑒𝑙

′′  (24) 

Therefore, both thermal and electrical efficiencies, 

respectively, are defined as: 

𝜂𝐼𝐼,𝑡ℎ =
𝐸𝑥𝑡ℎ

″

𝐸𝑥𝑖𝑛
″

 (25) 

𝜂𝐼𝐼,𝑒𝑙 =
𝐸𝑥𝑒𝑙

″

𝐸𝑥𝑖𝑛
″

 (26) 

 

Validation 

The one-dimensional model's validity is evaluated by the 

experimental data provided by Maadi et al. [21]. They 

investigated the PVT performance under the Mashhad (Iran, with 

a latitude of 36° and a longitude of 59°) weather conditions 

between 9:30 AM and 3:30 PM, as shown in Fig. 3(a). In this 

Fig, the experimental data with their corresponding fitted curves 

are shown. The dimensions of their system were similar to the 

dimensions of the PVT part used in the present study. Moreover, 

the mass flow rate of the working fluid was 0.00834 kg/s. Fig. 3 

illustrates the temporal variations of temperatures of the working 

fluid outlet and PV surface obtained by the present model and 

experimental data reported by Maadi et al. [21]. The Figiure 

shows a satisfactory agreement between the results, where  

for working fluid outlet and PV surface temperatures, the average 

error is around 2% and 1.8%, respectively. Besides the uncertainty 

in experiments, using the one-dimensional model and 

applying some assumptions in this simulation may lead  

to these differences. 
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RESULTS AND DISCUSSION 

The main objective of this study is to evaluate the 

feasibility of using PVT-ST in different cities with hot 

weather conditions, as discussed in the first section. Next, 

the hourly performance of the system is studied for the 

weather conditions of Tehran. Then, a comparative study 

is done to assess the hybrid system performance alongside 

the single typical ST and PVT modules. This study is 

carried out under different working fluid mass flow rates 

(�̇�f) as one of the critical operating conditions. Next, 

regarding the optimum �̇�f, the monthly performance of the 

PVT-ST system is studied under weather conditions  

in four cities of Tehran, Abadan, Baghdad, and Basra.  

We considered six months of a year to represent various 

weather conditions around an entire year. 

 

Weather conditions of different cities 

Fig. 4 shows the temporal variations of the solar 

irradiation, ambient temperature, and wind speed in 

January, March, May, July, September, and November for 

four cities of Tehran, Abadan, Baghdad, and Basra. These 

six months are selected to examine the yearly performance 

of the PVT-ST system as representative months of a year. 

All these cities have hot weather and are suitable for using 

solar systems. In particular, the climate of Tehran can be 

described as hot and dry in summer, mild in spring and 

autumn, and cold and wet in winter. However, based on 

the Köppen climate classification BWh, Abadan, 

Baghdad, and Basra have hot subtropical desert, hot desert, 

and desert climates, respectively. The hottest and coldest 

months with maximum and minimum solar radiation are 

July and January, respectively. However, each city's solar 

heat flux, ambient temperature, and wind speed vary. For 

example, in July, Tehran has the lowest, and Abadan 

possesses the highest ambient temperature among all 

cities. Moreover, the wind speed is higher in Basra 

compared to other cities, leading to a higher heat loss to 

the ambient surrounding. It's worth noting that the inlet 

temperature is assumed to be the same as the ambient 

temperature in all experiments. 

 

Hourly performance investigation of PVT-ST system 

under laminar and turbulent regimes 

To understand the thermal and electrical behavior of 

the PVT-ST, the produced power on a typical day in July 

in Tehran is investigated. For this purpose, first, the hourly 

variations of the temperatures of the working fluid and PV 

panel are discussed. Considering laminar and turbulent 

regimes, the results are presented in Fig. 5 for the different 

mass flow rates. Therefore, for the laminar regime,  

three �̇�f of 0.00394, 0.00788, and 0.01182 kg/s, and  

for the turbulent regime, 0.02252, 0.02646, and 0.0304 kg/s 

are considered. 

According to Fig. 5(a), the outlet temperature rises to 

the maximum at around 11:00 AM for all mass flow rates 

when the system receives a higher amount of solar 

radiation, as shown in Fig. 4 for Tehran. Moreover, the 

mass flow rate in the laminar regime possesses a higher 

outlet temperature than the turbulent one. Setting 11:00 

AM as the basis of comparison, using a �̇�f = 0.00394 kg/s 

provides an outlet temperature of around 333.16 K, which 

decreases to 319.1 K (with a 4.2% reduction) at �̇�f = 

0.01182 kg/s. Using turbulent flow reduces the outlet 

temperature even more; however, rising �̇�f from 0.02252 

to 0.0304 kg/s, the outlet temperature at 11:00 AM  

is reduced by only 0.4%. This shows that the effect of mass 

flow rate on the outlet temperature decreases by rising the 

mass flow rate, particularly in a turbulent regime. The 

reason for this reduction in outlet temperature by raising 

the �̇�f is due to the reduction in working fluid residence 

time in the tube, and as a result, absorbing more heat. 

Despite the lower outlet temperature, the quantity of 

absorption rate of heat is greater at higher working fluid 

mass flows. In other words, the higher heat transfer 

coefficient at high �̇�f leads to absorbing more heat from 

the PV cells. For example, the highest PV temperature 

belongs to the system with the �̇�f = 0.00394 kg/s 

(turbulent flow), while using �̇�f = 0.0304 kg/s (turbulent 

flow) can reduce the PV temperature by nearly 7.5 K.  

It is interesting to point out that similar to the effects of �̇�f 

on outlet temperature, the PV temperature reduction is 

more pronounced in the laminar regime. 

Fig. 6(a) displays the hourly generated power per area 

of the PVT-ST at various mass flow rates in July. Although 

the outlet temperature grows by reducing the �̇�f and  

the laminar regime possesses a higher outlet temperature, 

the thermal power significantly rises by increasing �̇�f. 

This is because of the considerable improvement in the 

convective heat transfer coefficient in the working fluid  

by increasing the mass flow rate. This variation is higher  

in the laminar 
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Fig. 4: Variations of the solar irradiation, ambient temperature, and wind speed in January, March, May, July, September, and 

November for four Cities of Tehran, Abadan, Baghdad, and Basra 

 

regime, though for the turbulent regime, the rise in mass 

flow rate slightly increases the thermal power. Moreover, 

the Fig shows that increasing the solar radiation rises  

the thermal power produced by the system up to around 

722 W/m2 at 11:00 AM at the highest considered �̇�f.  

At this time, the thermal power is 558 W/m2 for 0.00394 kg/s. 

The produced electrical power is a direct function  

of two variables, solar radiation and PV cell temperature, 

according to Eq. (7). Increasing the former increases  

the value of the generated power, whilst increasing the latter 

decreases the cell's efficiency and, consequently, the amount 

of generated electricity. Therefore, the system generates 
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Fig. 5: Hourly variations of the (a) outlet temperature of the 

working fluid and (b) PV surface temperature at different mass 

flow rates in July in Tehran 

 

the most electricity at midday, when solar radiation is at its 

peak. Moreover, compared to the laminar and turbulent 

regimes, the turbulent regime produces more electricity 

due to the increased heat harvesting and the decrease in PV 

temperature. Eventually, the maximum electrical output of 

114 W/m2 is achievable at 11:00 AM in a turbulent regime 

with �̇�f  = 0.0304. 

To evaluate the quality of the energy, the exergy  

is employed as shown in Fig. 6(b) in July in Tehran for two 

considered regimes. Because the whole of the electrical 

power represents valuable energy, the Fig demonstrates 

that an analogous trend can be seen for electrical exergy in 

comparison to electrical power. As a direct consequence of 

this, the electrical exergy of the system is equivalent to its 

electrical power. In contrast, the thermal exergy 

dramatically reduces compared to the thermal power, 

especially in a turbulent regime. In other words, the 

thermal exergy shows a lower value because of the lesser 

outlet temperature, as revealed in Fig. 5(a) in the turbulent 

regime. For example, considering 11:00 AM, the system 

thermal exergy is decreased from 19.8 to 4.5 W/m2 once 

the �̇�f changes from 0.00394 to 0.0304 kg/s.  

 
Fig. 6: Hourly variations of the (a) thermal and electrical power 

per area and (b) thermal and electrical exergy per area of  

the PVT-ST system at different mass flow rates in July in Tehran 

 

Potential of using PVT-ST instead of single typical ST 

and PVT systems 

The performance of the PVT-ST is compared with the 

commonly used single ST and PVT under the same and 

fixed conditions of Tehran weather in July. The only 

variable parameter is the water mass flow rate, which is set 

in a way that both laminar (�̇�f = 0.00394, 0.00788, and 

0.01182 kg/s) and turbulent (�̇�f = 0.02252, 0.02646, and 

0.0304 kg/s) regime can be investigated. 

Fig. 7 shows the average thermal power per area and 

thermal efficiency of considered systems at different mass flow 

rates. Regardless of system type, increasing �̇�f improves the 

thermal performance of the solar system due to the growth  

in the convective heat transfer coefficient throughout the tube. 

This increment is more pronounced at lower mass flow rates in 

the laminar regime, e.g., rising �̇�f from 0.00394 to 0.00788 kg/s 

leads to an around 14.2% improvement in thermal power in the 

ST system. After that, the Fig experiences a relatively 

noticeable rise once the regime changes from laminar to 

turbulent. However, the variation of thermal power with the �̇�f 

is slight in the turbulent regime. Eventually, the maximum 

thermal power per area can be achieved at �̇�f = 0.0304 kg/s  

in the turbulent regime.  
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Fig. 2: Comparing the average thermal power per area and 

thermal efficiency of PVT, ST, and PVT-ST systems at different 

mass flow rates on a typical day in Tehran in July 

 

 
Fig. 8: Comparing the average electrical power per area and 

electrical efficiency of the single PVT and PVT-ST modules  

at different mass flow rates in Tehran in July 

 

Comparing the thermal power of the three mentioned 

systems, the ST system produces the highest thermal 

power per area at all considered mass flow rates. The 

primary reasons which contribute to this result are, first, 

that, in contrast to other systems, the ST system turns all 

of the energy that is absorbed into heat, and second, that 

the absorber plate has a higher absorption coefficient than 

the PV surface. The average thermal power per area of the 

ST system is varied between 529.4 and 668.8 W/m2, 

respectively, for 0.00394 (laminar regime) and 0.0304 kg/s 

(turbulent regime). The results demonstrate that the 

thermal power of the PVT system is less affected by the 

mass flow rate compared to the two other systems. 

Moreover, expect �̇�f = 0.00394 kg/s where the PVT 

thermal power is higher than that of the PVT-ST system, 

in all mass flow rates, the PVT-ST system reflects better 

performance. For example, the PVT-ST system can produce 

40 W per area more thermal in comparison with the single 

PVT module. In terms of thermal efficiency, the ST 

module has the best performance, where the optimum 

thermal efficiency can be obtained at �̇�f = 0.0304 kg/s and 

equal to 85.7%. This is followed by the thermal 

performance of PVT-ST and PVT systems with 78% and 

72.9%, respectively. 

Although the ST collector has the ability to produce the 

highest amount of thermal power, the main drawback of 

this system is its disability to generate electricity. The 

electrical power and efficiency of the PVT and PVT-ST 

systems are plotted for different mass flow rates in Fig. 8. 

It should be mentioned that due to considering an equal 

surface area for PV surfaces of the two systems, both 

systems illustrate the same amount of electrical power per 

area. Increasing the mass flow rate enhances the amount of 

extracted heat from the PV surface, leading to a reduction 

in PV cells. Accordingly, according to Eqs. (7), (18), and 

(20), by decreasing the PV cells temperature, the electrical 

power and, in turn, the electrical efficiency of the cells 

enhances. Setting the 0.00394 kg/s as the basis of 

comparison, increasing the mass flow rate results in an 

escalation in electrical power by 1.2%, 1.6%, 3%, 3.1%, 

and 3.2%, respectively, once �̇�f = 0.00788, 0.01182, 

0.02252, 0.02646, and 0.0304 kg/s are applied. 

Consequently, the maximum electrical efficiency can be 

achieved by using the highest mass flow rate to reach the 

electrical efficiency of 12.56%.  

Finally, the thermal and electrical exergy of the 

systems is discussed. The exergy analysis is a useful tool 

to better understand the energy quality. Fig. 9 displays the 

average thermal and electrical exergy per area for PVT, 

ST, and PVT-ST systems at different mass flow rates in 

Tehran in July. According to the Fig, increasing the mass 

flow rate declines the thermal exergy due to the increment 

in pressure drop and, in turn, irreversibility. Moreover, the 

PVT-ST system reflects a performance improvement in 

terms of thermal exergy followed by ST and PVT ones, 

respectively, thanks to the significant increment in 

working outlet temperature. Consequently, the maximum 

thermal exergy per area is obtained at the lowest 

 �̇�f = 0.00394 kg/s for cases, e.g., the thermal exergy of 

PVT-ST, ST, and PVT are 14.6, 9.4, and 7.9 W/m2, 

respectively. By transitioning from laminar to turbulent, 

i.e., using �̇�f = 0.0304 kg/s, the thermal exergy of PVT-

ST, ST, and PVT systems drop by 77.5%, 78.9%, and 

81.8%, respectively. 
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Fig. 9 Variations of the thermal and electrical exergy per area 

of PVT, ST, and PVT-ST systems at different mass flow rates in 

Tehran in July 

 

Based on the energy analysis results, the thermal power 

of the PVT-ST and single PVT is greater than the electrical 

power, while the reverse result can be seen for the exergy 

of these systems. In other words, because of the quality of 

the electrical energy compared to the thermal energy, the 

electrical exergy per area is higher than the thermal exergy. 

Furthermore, in contrast to the thermal exergy, the 

electrical exergy grows by increasing the mass flow rate 

thanks to the increment in heat transfer coefficient inside 

the tube in higher mass flow rates, resulting in a reduction 

in PV surface temperature. From Fig. 9, the average 

electrical exergy per area of both PVT and PVT-ST is 

relatively the same, reaching optimum at �̇�f = 0.0304 kg/s 

with the value of 97.8 W/m2. It should also be mentioned 

that the electrical exergy variations with a mass flow rate 

in the laminar regime are more pronounced than in the 

turbulent one. 

 

Performance of the PVT-ST in different cities 

Finally, the performance of the hybrid system is 

examined under weather conditions in four cities of 

Tehran, Abadan, Baghdad, and Basra for six months 

of a year (for weather conditions, see Fig. 4). It 

should be mentioned that all four cit ies have hot 

climates with high solar radiation and ambient 

temperature. Furthermore, according to the results 

for mass flow rate (comparing the laminar and 

turbulent regimes), �̇�f = 0.0304 kg/s is selected for this 

section due to its superiority in making higher thermal 

and electrical power.  

First, the outlet temperature of the working fluid is 

studied and shown in Fig. 10. A similar pattern can be 

observed for outlet temperature in various cities during 

different months, where the highest possible outlet 

temperature can be achieved in July, followed by 

September and May. Because, according to Error! 

Reference source not found., the highest levels of solar 

radiation and ambient temperature can be seen in these 

months. It is pointed out that the outlet temperature  

is dependent upon the surrounding temperature, which  

is assumed as the inlet temperature in the present study. 

Hence, for instance, in July, Tehran produces a lower 

outlet temperature due to its lower inlet temperature, while 

Abadan has a higher outlet temperature because of its 

higher inlet temperature.  

Fig. 11 shows the thermal and electrical power 

variations v.s time in a day in considered months for (a) 

Tehran, (b) Abadan, (c) Baghdad, and (d) Basra. 

Considering the Fig for Tehran, thanks to the higher outlet 

temperature in July, the maximum thermal power is 

achieved this month. Moreover, the trend of thermal power 

is similar to the solar radiation in Fig. 4, peaking at around 

11:00 AM. This pattern is relatively repeated in other 

cities, where the maximum and minimum thermal power 

can be observed in July and January, respectively. In terms 

of electrical power, although increasing solar radiation 

improves the share of electricity production, the PV cell 

temperature is also increased, leading to decreased 

electricity generation. However, according to the Fig, 

the system in all cities can produce maximum 

electrical power in July. 

Finally, to better compare the results, the average 

thermal power, electrical power, thermal exergy, and 

electrical exergy for each month in different cities  

are summarized in Table 2. Moreover, the average of the 

system performance in six months is also presented. 

According to this table, there is no significant difference 

between the power produced in different cities, which 

shows the potential use of the PVT-ST in four selected 

cities. The system operating in Basra shows the peak 

amount of thermal power and exergy with an average of 

375.72 and 1.46 W/m2 during six considered months. 

Nevertheless, the system generates more electricity 

(average electrical power and exergy of about 77 W/m2)  

in Baghdad as a consequence of higher solar radiation  

in total during the six months.  
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Table 2: Average thermal power, electrical power, thermal exergy, and electrical exergy for each month in different cities 

Average value (W/m2) 

 Parameter January March May July September November Average of 6 months 

T
eh

ra
n

 

Thermal power 214.32 365.46 387.41 609.42 391.71 204.36 362.11 

Electrical power 43.75 64.93 96.68 97.77 95.18 45.83 74.02 

Thermal Exergy 0.50 1.35 1.45 3.28 1.46 0.46 1.42 

Electrical exergy 43.75 64.93 96.68 97.77 95.18 45.83 74.02 

A
b

ad
an

 

Thermal power 208.05 369.54 413.46 610.44 410.41 221.32 372.20 

Electrical power 39.61 78.28 95.02 98.53 88.26 57.34 76.18 

Thermal Exergy 0.45 1.33 1.58 3.18 1.53 0.51 1.43 

Electrical exergy 39.61 78.28 95.02 98.53 88.26 57.34 76.18 

B
ag

h
d

ad
 

Thermal power 218.02 384.39 399.04 600.71 413.63 139.44 359.21 

Electrical power 48.47 70.85 95.51 103.52 86.37 57.23 76.99 

Thermal Exergy 0.51 1.46 1.49 3.12 1.58 0.20 1.39 

Electrical exergy 48.47 70.85 95.51 103.52 86.37 57.23 76.99 

B
as

ra
 

Thermal power 224.17 379.30 409.53 603.70 419.07 218.56 375.72 

Electrical power 42.95 71.65 95.21 98.25 87.06 55.08 75.03 

Thermal Exergy 0.54 1.41 1.55 3.13 1.61 0.50 1.46 

Electrical exergy 42.95 71.65 95.21 98.25 87.06 55.08 75.03 

 

 
Fig. 3: Variations of the outlet temperature during a day in considered months for (a) Tehran, (b) Abadan, (c) Baghdad, and (d) Basra 
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Fig. 4: Variations of the PVT-ST electrical and thermal power per area during a day in considered months for (a) Tehran, (b) 

Abadan, (c) Baghdad, and (d) Basra 

 

CONCLUSIONS 

This numerical study evaluated the potential use  

of a newly introduced solar system called PVT-ST, which 

can generate high-temperature thermal energy as well as 

electricity, simultaneously. For this purpose, the yearly 

performance of the module in terms of the first and second 

laws of thermodynamics was investigated in four cities  

in Iran and Iraq. Furthermore, the influence of the working 

fluid regime, including laminar and turbulent regimes,  

on the system performance was scrutinized. Additionally, 

a comparison was carried out between the PVT-ST and 

common single PVT and single ST systems. The findings 

of the present numerical study are: 

• In the laminar regime, the outlet temperature was 

significantly greater than in the turbulent regime. 

However, as the turbulence regime had a higher heat 

transfer coefficient, the amount of absorbed energy was 

higher, leading to a lower PV surface temperature. 

• The thermal power significantly rises by increasing  

the mass flow rate, where, at the highest solar radiation  

in July in Tehran, the thermal power increased from 558 to  

722 W/m2 by changing the mass flow rate from 0.00394 kg/s 

(laminar regime) to 0.0304 kg/s (turbulent regime). 

• Electrical power and exergy were higher for the turbulent 

regime due to the harvesting of further heat and decreasing 

PV surface temperature. However, the thermal exergy is 

dramatically reduced by raising the mass flow rate due to 

the lower outlet temperature in the turbulent regime.  

• The optimum thermal efficiency was obtained for  

a single ST system (85.7%) at the highest mass flow rate 

of 0.0304 kg/s in July, followed by the PVT-ST and PVT 

systems with 78% and 72.9%, respectively. Moreover, the 

maximum electrical efficiency was achieved at the highest 

mass flow rate, equaling 12.56% for both PVT-ST and 

PVT systems.  

• The maximum thermal exergy per area was achieved at the 

lowest mass flow rate of 0.00394 kg/s for PVT-ST, ST, and PVT, 

respectively, which showed the superiority of using PVT-ST. 
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• Monthly performance analysis indicated that Basra had 

the highest amount of thermal power and exergy with an 

average of 375.72 and 1.46 W/m2 during six considered 

months, while in Baghdad, the system could generate more 

electricity, an average of 77 W/m2. 

 

Nomenclature 

𝐴 area (m2) 

𝑐𝑃 specific heat (J/kg.K) 

𝑑𝑡 tube diameter (m) 

𝐸 energy (W/m2) 

𝐸′′ rate of energy (W) 

𝐸𝑥 ′′ rate of exergy (W) 

𝑓 friction factor 

𝐺 solar radiation (W/m2) 

ℎ convective heat transfer (W/m2 K) 

𝑘 thermal conductivity (W/m K) 

𝑙 length of tube (m) 

𝑚
.

 mass flow rate (kg/s) 

𝑁𝑢 Nusselt number 

𝑃𝑟 Prandtl number 

𝑅′′ thermal contact resistance 

𝑅𝑒 Reynolds number 

𝑟𝑃𝑉  packing factor 

𝑡 time (s) 

𝑇 temperature (K) 

𝑉𝑤𝑖𝑛𝑑 wind speed (m/s) 

Greeks 

𝛽𝑝𝑣  reference temperature coefficient 

𝜂 efficiency (%) 

𝜇 viscosity (pa s) 

𝛼 absorptance 

휀 emissivity 

𝜏 transmittance 

𝛿 thickness (m) 

𝜌 density (kg/m3) 

Subscripts 

𝑎𝑏 absorber plate 

𝑎𝑚𝑏 ambient temperature 

𝑐𝑜𝑛𝑑 conduction 

𝑐𝑜𝑛𝑣 convection 

𝑒𝑙 electrical 

𝑓 fluid 

𝑔 glass cover 

𝑖𝑛 insulation 

𝑜𝑢𝑡 outlet 

𝑡ℎ thermal 

𝑝𝑣 photovoltaic module 

𝑡 tube 

Abbreviation  

PV photovoltaic module 

PVT photovoltaic thermal system 

ST solar thermal 

PVT-ST photovoltaic thermal system with solar 

thermal collector in series 
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