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neural network modeling of an air-cooled PVT collector with NACA 
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A B S T R A C T

This study numerically investigates the performance of an air-cooled photovoltaic thermal (PVT) collector in
tegrated with NACA 8412 airfoils arranged at various positions in both flow (y) and transverse (x) directions, an 
application not previously explored in the literature. Using the finite element method, the effects of geometric 
parameters and a range of operational conditions, including airflow characteristics and environmental inputs, 
were evaluated. Artificial neural network (ANN) models were also developed to predict outlet air temperature, 
cell temperature, and pressure drop. Favorable energy and exergy performance was achieved with airfoil spacing 
of 50–70  mm (y-direction) and 35  mm (x-direction). To limit fan power consumption, the inlet air velocity 
should not exceed 5  m/s. The collector achieved efficiencies of 8.71–9.23 % (electrical), 50.34–70.85 % 
(thermal), 73.30–93.77 % (primary energy saving), and 10.23–10.69 % (exergy). The electricity production cost 
ranged from 0.158 to 0.668 $/kWh, and the exergoeconomic parameter varied between 4.10 and 17.55 kWh/$. 
Annual CO2 mitigation reached up to 0.713  t (energy-based) and 0.275  t (exergy-based), depending on regional 
solar conditions. Two ANN model groups, one for single-output and one for multi-output predictions, were 
developed, both providing accurate and reliable results. This study offers a novel approach for enhancing and 
predicting PVT collector performance with airfoils.

1. Introduction

Energy is a fundamental driver of sustainability and progress in 
critical sectors that directly influence human life—such as industry, 
agriculture, education, and transportation [1,2]. With the continuous 
growth of the global population, the demand for energy across these 
sectors is rising steadily [3]. Globally, fossil fuels are widely used to 
meet this demand for both electricity and thermal energy production 
[4]. Fossil fuel reserves are inherently limited, and their combustion 
contributes to substantial environmental degradation, including ozone 
layer depletion, the greenhouse effect, and the accelerated melting of 
polar ice caps [5–7]. Addressing these environmental challenges re
quires reducing primary energy consumption, primarily through the 
integration of renewable energy sources such as solar, hydro, wind, and 
biomass, which have minimal environmental impact during their use. 
Among these, solar energy has gained considerable awareness due to its 
inexhaustible availability, renewable nature, and substantial 

sustainability benefits [8,9]. The primary approaches for utilizing solar 
energy are through photothermal and photovoltaic conversions. These 
are established and commercially available techniques for capturing 
solar energy to produce thermal and electrical energy.

Photovoltaic (PV) technology is the most advanced and widely 
adopted solar energy method due to its ability to generate clean, high- 
quality electricity with low cost, easy installation, minimal environ
mental impact, and autonomous operation [10,11]. In PV technology, 
over 80 % of the solar energy is transformed into heat, leading to a large 
amount of waste heat. If this waste heat is not removed from the PV 
panel through various types of collectors, it can damage the PV cells 
[12]. Considering this problem, photovoltaic/thermal (PVT) systems, an 
advanced concept of PV systems, have emerged as a promising tech
nology that allows for the simultaneous generation of heat and electrical 
energy. These systems are a combination of a PV module that absorbs 
solar radiation and converts part of it into electricity, and a thermal 
collector that removes excess heat from the PV module to produce 
thermal energy [13]. Thus, PVT collectors enable the simultaneous 
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generation of electrical and thermal energy, meeting user demand with a 
single system while producing more energy per unit area compared to 
standalone PV modules or solar thermal collectors [14,15]. PVT col
lectors primarily utilize air and water as cooling fluids [16,17]. Despite 
poor thermophysical properties of air, its use as a coolant in PVT col
lectors is advantageous due to the minimal material requirements, 
leading to cost-effective solutions [18]. Therefore, air-cooled PVT col
lectors could be unified into building facades and roofs, helping to 
remove the surplus heat from the PV panel while also meeting ventila
tion and heating needs of the building [19].

Many studies have been carried out in the literature to boost the 
thermal and electrical efficiency in air-cooled PVT collectors [20,21]. To 
enhance the efficiency of the air-cooled PVT collector, Singh et al. [22]
conducted an optimization process, considering parameters such as 
channel length and depth, airflow rate within the channel, the thickness 
of the Tedlar and glass layers, and the temperature of the incoming fluid. 
The optimization process significantly enhanced both the electrical and 
thermal efficiencies of the system. Fan et al. [23] incorporated longi
tudinal fins into the air duct of a PVT-SAH collector to enhance useful 
thermal energy and net electrical output. They conducted an optimiza
tion study considering construction materials, geometric configurations, 
and functional parameters. The results revealed that the optimized 
design significantly outperformed other basic configurations, achieving 
notable improvements in both thermal and electrical efficiencies. Tah
masbi et al. [24] introduced metal foams in the air channel beneath the 
PV cells to enhance cooling and improve both thermal and electrical 

efficiencies. Their study demonstrated that the inclusion of porous 
media resulted in significant gains in both efficiencies. However, they 
highlighted that beyond a certain thickness, the metal foams led to a 
substantial increase in pressure loss, which adversely affected several 
critical performance factors of the PVT system. Ozakin and Kaya [25]
investigated the energy and exergy performance of a PVT system with 
air cooling. Utilizing ANSYS Fluent, they compared three scenarios: no 
fins, frequent fins, and sparse fins. Their results indicated that both 
frequent and sparse fins significantly enhanced the thermal and elec
trical efficiencies when compared to the no-fin scenario, highlighting the 
critical role of fin structures in improving the performance of air-cooled 
PVT collectors. Arslan et al. [26] designed an air-cooled PVT collector 
and tested it at varying air flow rates. The uniqueness of the design was 
the increase in the number of holes and the height of the copper fins 
from the inlet to the outlet of the collector. The electrical, thermal, and 
environmental performance indicators of the PVT collector were eval
uated by varying the airflow rate at different fan voltages. The optimal 
results were achieved when the fan operated at the highest voltage (12 
V), demonstrating the significant impact of voltage on the performance 
of the system.

Solar air heaters (SAHs) are another solar energy technology that 
utilizes air as the working fluid, features a simple structural geometry, 
and offers a highly cost-effective solution for thermal energy production 
[27]. In recent years, extensive research has focused on the development 
of roughened surfaces and fin configurations on absorber plates to 
enhance the thermal performance of SAHs [28–31]. In this context, Patel 

Nomenclature

a Width of airfoil (mm)
AMC Annual maintenance cost ($)
ANN Artificial Neural Network
APV Area of PV Surface (m2)
ASV Annual salvage value ($)
b Length of airfoil (mm)
C Energy conversion efficiency factor
Ce,n Net electricity production cost ($/kWh)
cp Specific heat at constant pressure (J/kgK)
CRF Capital recovery cost
C∊2 Turbulent equation model constant
Cμ Turbulent equation model constant
d Diameter (m)
Ė Energy rate (W)
FAC Fixed annual cost ($)
h∞ Heat transfer coefficient between glass and ambient (W/ 

m2K)
I Solar radiation (W/m2)
int interest rate (%)
k Thermal conductivity (W/mK)
L Distance (mm)
ṁ Mass flow rate (kg/s)
n Lifespan (year)
Ndays Number of sunny days
Ṗ Energy consumption rate (W)
P Pressure (Pa)
Pc Capital cost ($)
PV Photovoltaic
PVT Photovoltaic thermal
r Radius (mm)
Rx Exergoeconomic parameter (kWh/$)
SF Sinking fund factor
T Temperature (K)
u Velocity (m/s)

UAC Uniform annual cost ($)
x Distance in x direction (mm)
Ẋ Exergy rate (W)
y Distance in y direction (mm)

Greek Symbols
α Absorptivity
β temperature coefficient 1/◦C
η Efficiency (%)
μ Dynamic viscosity (Ns/m2)
ρ Density (kg/m3)
σ Turbulent Prandtl number
τ Transmissivity

Subscripts
a Ambient
ab Absorbed
c Cell
e Electrical
en Energy
e,n Net electrical
e,x Entry/exit in x direction
e,y Entry/exit in y direction
f Fan
fl Fluid
g Glass
i Inlet
l Loss
m,i Mass flow rate for the inlet
m,o Mass flow rate for the outlet
o Outlet, Overall
ref Reference
s Solid
t Thermal
w Wind
x Exergy
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[32] conducted a numerical study on the thermal performance and 
friction factor properties of a SAH, with various artificial fins such as 
circular wire, rectangle, semicircle, isosceles triangle, combinations of 
quarter circle-square-triangle, and NACA profiles. The study found that 
the most optimal performance was achieved with NACA profile fins. The 
positive impact of NACA profiles in solar air heaters has garnered 
attention from some researchers, prompting investigations into the ef
fects of various NACA profiles, such as NACA 0020 and NACA 0040, in 
these systems [33–36]. Patel et al. [34] conducted an optimization of a 
novel reversed NACA 0040 rib profile to augment the performance of 
SAH. They optimized some parameters, such as the groove angle and the 
spacing/width between grooves for different Reynolds numbers (vary
ing between 6000 and 18000). Optimal results identified were a groove 
angle of 30◦, a spacing ratio of 0.167, and a groove width ratio of 1.333. 
Kumar et al. [35] numerically compared four different rib profiles in 
SAHs. The profiles included a square rib, a semi-circular rib, a forward- 
facing symmetric half NACA 0020, and a backward-facing symmetric 
half NACA 0020. The highest thermo-hydraulic performance values 
were found for the backward-facing symmetric half NACA 0020 profile. 
Consequently, NACA 0020 profiles were recommended by researchers 
for solar air heater applications due to their ability to reduce flow 
resistance while maintaining high thermal performance.

Recent numerical studies have demonstrated that incorporating 
NACA airfoils in solar air heaters significantly enhances their perfor
mance by simultaneously minimizing pressure drop and enhancing 
convective heat transfer. Unlike solar air heaters, air-cooled PVT col
lectors generate both electrical and thermal energy. Improving heat 
transfer in PV panels directly increases the production of both energy 
types. However, it is essential to consider pressure drop losses that may 
accompany these improvements. While different NACA profiles have 
yielded promising results in solar air heaters, their effects on air-cooled 
PVT collectors remain unexplored. This represents a critical gap in the 
literature that warrants further investigation to better understand their 
potential impact. In this context, the use of a cambered and aero
dynamically efficient profile such as NACA 8412, which has not been 
previously applied in any PVT system, offers a unique opportunity to 
enhance both thermal and electrical outputs simultaneously.

To address this gap in the literature, this study numerically analyzes 
the impact of incorporating NACA 8412 model airfoils into air-cooled 
PVT collectors on their energetic and exergetic performance parame
ters. Initially, the impact of placing NACA 8412 model airfoils at 
different distances along the length and width of the PV panel on the 
performance parameters was explored. This spatial arrangement strat
egy, in which the airfoils are staggered within the duct in both longi
tudinal and transverse directions rather than being fixed to the absorber 
surface, introduces a novel methodological approach. The design ana
lyses conducted in this study have not been found in the existing liter
ature. This represents the first originality in the research. In addition, 
economic and environmental analyses were also conducted as part of the 
study. Finally, using the numerical data sets obtained within the scope of 
the study, different Artificial Neural Network (ANN) models were 
created to estimate important output parameters for the PVT collector 
employing NACA 8412 model airfoils, and the best performing models 
were identified. The most noteworthy feature of the ANN models is that 
they encompass many design and operational parameters. Thus, very 
comprehensive ANN models have been developed—both for single and 
multi-output estimations—which constitutes the secondary originality 
of the study and extends its practical applicability.

2. Methodology

This study encompasses the numerical modeling of NACA 8412 air
foils, their integration into the PVT collector, the performance evalua
tion based on energy, exergy, economic, and environmental analyses, 
and the prediction of key outputs using artificial neural networks. This 
methodological process is presented in the flowchart in Fig. 1.

2.1. Model geometry and key design parameters

The PVT collector is composed of the layers illustrated in Fig. 2-a, 
and numerical analyses were conducted based on this layering sequence 
(Fig. 2-a and 2-b). Table 1 depicts the dimensions for the various ele
ments of the PVT collector. Table 2 provides the materials used in the 

Fig. 1. Flowchart of the methodological steps.
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PVT collector along with their thermophysical characteristics. In this 
study, the NACA 8412 model airfoil was used for the purpose of cooling 
the PV panel (Fig. 3-a). The placements of the airfoils at different 

Fig. 2. Schematic representation of structure, energy balance phenomena (a) and thermal network diagram for PVT (b).

Table 1 
The sizes of each element for the PVT.

Element Sizes (mm)

Glass 680 × 370 × 3.0
EVA 680 × 370 × 0.5
PV cell 680 × 370 × 0.3
Tedlar 680 × 370 × 0.1
Thermal paste 680 × 370 × 0.3
Copper absorber 680 × 370 × 0.4
Air duct 680 × 370 × 10

Table 2 
The materials and their thermophysical properties in the PVT.

Material cp (J/kgK) ρ (kg/m3) k (W/mK)

Glass 500 2500 1.8
EVA 2090 960 0.35
PV cell 700 2330 148
Tedlar 1250 1200 0.20
Thermal paste 700 2600 1.9
Copper absorber/airfoils 385 8960 401
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distances were numerically examined, and the electrical and thermal 
effects of the PVT collector were investigated. Fillet was added to sharp 
corners of airfoils to better quality mesh (r1 and r2). The total length of 
the airfoil is 90.8 mm (length b), the total width of the airfoil is 15.4 mm 
(length a) and depth of the airfoil is 10 mm. The depth of the airfoil and 
the depth of the air channel of PVT collector are the same. The NACA 
8412 model airfoils are staggered with respect to the PV panel (Fig. 3-b). 
The direction from the inlet to the outlet of the air channel of the PVT 
collector (the flow direction) is referred to as the y-direction. y1 is the 
distance of the airfoil profiles from the inlet and outlet mouths of the 
PVT collector in the y-direction. The y1 distance is referred to as Le,y, 
which was modified from 5 mm to 105 mm in numerical analysis. The 
spacing between the airfoil profiles in the y-direction is uniformly 
distributed and denoted as y2. The perpendicular to the flow direction of 
the PVT collector is referred to as the x-direction. x1 is the distance of the 
airfoils from the far right and left edges of the panel inward in the PVT 
collector. The x1 distance is referred to as Le,x and was varied at intervals 
of 5 mm from 5 mm to 65 mm in numerical analysis. The spacing be
tween the airfoil profiles in the x-direction is uniformly distributed and 
denoted as x2. There is a distance of 45.38 mm between the airfoils ar
ranged in the 1st, 3rd, and 5th rows and the 2nd and 4th rows along the 
x-axis, and this distance is called y3.

2.2. Numerical procedure

In this study, numerical analyses were performed using the COMSOL 
Multiphysics software. The following simplifying assumptions were 
made: 

• The Multiphysics interface was configured to use non-isothermal 
flows.

• It was assumed that the EVA layer is fully transparent with 100 % 
transmission efficiency, which is a common simplification frequently 
adopted in the literature for modeling purposes [37,38].

• It was assumed that all components of the PVT collector are in perfect 
contact with each other.

• The collector inlet air temperature was considered to be equal to the 
ambient temperature.

• The temperature variation caused the air flow temperature to vary. 
The library in COMSOL Multiphysics was utilized for this process.

• Dust effects on the glass layer’s upper surface were neglected.

The heat conduction equation was used to calculate heat transfer 
from the top surface of the PVT to the surfaces of the fins and the copper 
plate. For the airflow in the collector, a combined heat transfer solution 
was applied, as the heat transfer between the surfaces of the copper plate 
and fins and the flowing fluid included both conduction and convection. 
Eqs. (1) and (2) denote the energy conservation and Fourier heat 
conduction solution, respectively [39]. 
(
ρcpuj∇Tj

)
+∇q = Q (1) 

− kfl∇Tj = q (2) 

The mass and momentum conservations are described by Eqs. (3) 
and (4), considering the incompressible and Newtonian properties of 
the coolant fluid [39]. 

ρ • ∇uj = 0 (3) 

(ρ⋅∇)⋅uj = ∇⋅[− PI + (μ + μT)⋅(∇uj +
((

∇uj
)T

)
+ F+ p⋅g (4) 

The flow regime is turbulent, and the flow of the fluid is assumed to 
be incompressible, uniform, and steady-state. The Realizable k-ε model 
was chosen for numerical solutions to address the turbulent flow. Eqs. 
(5) and (6) were utilized to calculate the turbulence kinetic energy (k) 
and the energy dissipation rate (∊) [40,41]. 

∇
(
ρkuj

)
= ∇

[(

μ μT

σk

)

∇k
]

+Gk − ρ∊ (5) 

∇
(
ρ∊uj

)
= ∇

[(

μ μT

σ∊

)

∇∊
]

− ρC∊2
∊2

k +
̅̅̅̅̅
v∊

√ (6) 

where, σk=1 and σ∊ = 1.2. Gk depicts the production of turbulent 
kinetic energy and is determined using the following equations: 

Gk = μTS2 (7) 

η = S
k
∈ (8) 

S =
̅̅̅̅̅̅̅̅̅̅̅̅
2SijSij

√
(9) 

Fig. 3. Geometry and dimensions of NACA 8412 model airfoils (a) and a view of the arrangement of the NACA 8412 model airfoils in the PVT collector (b).
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μt = ρCμ
k2

ε (10) 

Cμ =
1

A0 + AsU* k
∈

(11) 

where, A0 = 4 and As =
̅̅̅
6

√
cosϕ. The model constants are determined as 

follows: 

ϕ =
1
3

cosϕ− 1
( ̅̅̅

6
√

W
)
,

W =
2

̅̅̅
2

√
SijSjkSki

S̃
3 ,

S̃ =
̅̅̅̅̅̅̅̅̅
SijSij

√
,

Sij =
1
2

(
∂uj

∂xi
+

∂ui

∂xj

)

(12) 

U* can be estimated using the following equations: 

U* = SijSij + Ω̃ijΩ̃ij (13) 

Ω̃ij = Ωij − 2∊ijkωk (14) 

Ωij = Ωij − ∊ijkωk (15) 

where, Ωij is the mean rate-of-rotation tensor dependent on the angular 
velocity (ωk).

The boundary conditions applied in the numerical analyses are as 
follows [37,38]: 

• Solar radiation was applied to the upper surface of the PV panel, 
where both convective and radiative heat losses were considered.:

− n • q = h∞ •
(
Ta − Tg

)
(16) 

− n • q = ε • σ •
(
Tsky − Tg

)
(17) 

• With the PVT collector, it was assumed that the bottom and side 
surfaces were fully insulated:

− n • q = 0 (adiabatic) (18) 

• The no-slip condition was applied to solid walls:

u = 0 (19) 

• A uniform flow velocity and inlet fluid temperature are imposed at 
the entrance of the channel.

v = vi (20) 

T = Ti (21) 

• The outlet pressure of the air duct was considered to be 0

Po = 0 (22) 

• The boundary condition for the solid–fluid interface was defined as

(
δTs

δn

)

fl
=

ks

kfl

(
δTs

δn

)

s
(23) 

2.3. Energy analysis

Using energy balance equations, thermal and electrical energy 
generated by the PVT collector can be obtained. The energy balance for 
the control volume under steady-state conditions is expressed as Eq. 
(24) [42]. 

Ėab = Ėe + Ėt + Ėl (24) 

Ėab, Ėe, Ėt, and Ėl represent the absorbed solar radiation energy rate, 
the electrical energy production rate, the thermal energy production 
rate, the thermal losses, respectively. Absorbed solar radiation is 
calculated by Eq. (25). In the analyses, τ and α was assumed to be 0.92 
and 0.9, respectively [43]. 

Ėab = I • τ • α • APV (25) 

The rate of thermal energy production is determined by the air mass 
flow rate (ṁair), the specific heat capacity of air (cp,air), and the tem
perature difference between the air entering and exiting the PVT col
lector. This relationship is expressed in Eq. (26) [42]. 

Ėt = ṁair • cp,air • (To − Ti) (26) 

The mechanical energy consumption required to overcome friction (Ṗm) 
is calculated by Eq. (27) [44]. 

Ṗm =
ṁair

ρ • ΔP (27) 

where ΔP is the pressure drop that occurs in the air entering and leaving 
the collector.

Heat transfer coefficient (h∞) from the top of the glass to the ambient 
air is a function of wind velocity (vw) and is expressed by Eq. (28) [45]. 

h∞ = 5.7+3.8 • vw (28) 

The thermal efficiency (ηt) is calculated using Eq. (29) [46]. 

ηt =
Ėt

Ėab
(29) 

The net electrical energy production rate is calculated as the difference 
between the electrical energy production rate (Ėe) and the energy con
sumption rate by the fan (Ėf) [47,48]. 

Ėe,n = Ėab •
(
ηref •

[
1 − β

(
Tc − Tref

) ] )
− Ėf (30) 

Ėf =
Ṗm

ηf
(31) 

where, ηf represents the efficiency of the fan and is assumed to be 0.65 in 
this study [49]. β is assumed to be 0.0045 1/◦C at the reference tem
perature (Tref = 25 ◦C) in the analysis.

The electrical efficiency (ηe) is calculated using Eq. (32) [47]. 

ηe =
Ėe,n

Ėab
(32) 

While overall PVT efficiency is often calculated as the sum of thermal 
and electrical efficiencies, this approach overlooks the higher-grade 
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nature of electrical energy. To address this, primary energy-saving ef
ficiency (ηPES) is used, enabling a more accurate comparison based on 
the first law of thermodynamics [50]. The electrical output is converted 
to its thermal equivalent using a coefficient of 0.38, reflecting the typical 
efficiency of conventional power plants. The ηPES is calculated using Eq. 
(33) [50]. 

ηPES = ηt +
ηe

0.38
(33) 

2.4. Exergy analysis

Exergy represents the maximum achievable work that a mass or 
energy flow can deliver when brought into equilibrium with a defined 
reference state [51]. The exergy analysis of a PVT collector encompasses 
several parameters, including the exergy input from solar radiation, 
output exergies (thermal and electrical), and exergy losses. The overall 
exergy balance for the system is typically represented by Eq. (34) [50]. 

Ẋi = Ẋo − Ẋl (34) 

Ẋi = Ėab

[

1 −
4
3

(
Ti

Tsun

)

+
1
3

(
Ti

Tsun

)4
]

(35) 

Ẋo = Ẋt + Ẋe,n (36) 

In this analysis, the inlet temperature and the outdoor temperature 
are assumed to be equal. Tsun is considered to be 5777 K, representing 
the temperature of the sun. The net electrical exergy (Ẋe.n) and thermal 
exergy (Ẋt) were determined using Eqs. (37) and (38), respectively 
[38]. 

Ẋe,n = Ėe,n (37) 

Ẋt = Ėt •

(

1 −
Ti + 273.15
To + 273.15

)

(38) 

The exergy efficiency is evaluated using Eq. (39) [38]. 

ηx =
Ẋo

Ẋi
= 1 −

Ẋl

Ẋi
(39) 

2.5. Economic analysis

To conduct the economic analysis of the present PVT collector, the 
initial step involves determining the uniform annual cost (UAC). This 
cost accounts for three primary components: the fixed annual cost 
(FAC), the annual maintenance cost (AMC), and the annual salvage 
value (ASV). The UAC is evaluated using Eq. (40) [52,53]. 

UAC = FAC+AMC − ASV (40) 

The FAC represents the fundamental expenditure necessary for sys
tem operation and is determined using Eq. (41) [52,53]. 

FAC = CRF • Pc (41) 

The parameter Pc denotes the capital of key PVT components (PV 
panel, copper plate and fins, fan, insulation, etc.), with prices adopted 
from literature values [54,55]. The capital recovery factor (CRF), used to 
annualize this capital cost, is computed using Eq. (42) [52,53]. 

CRF =
int(1 + int)n

(1 + int)n
− 1

(42) 

In this context, n and int represent the lifespan of the system and the 

annual interest rate, respectively. The AMC is typically assumed to be 
10 % of the FAC [52,53].

The ASV of the PVT collector is determined by multiplying the 
salvage value (S) by the sinking fund factor (SF), as expressed in Eq. (43)
[52,53]. 

ASV = S • SF (43) 

SF =
int

(1 + int)n
− 1

(44) 

Net electricity production cost (Ce,n) is calculated using Eq. (45)
[52,53]. 

Ce,n =
UAC

Ee,n− yearly
(45) 

where Ee,n-yearly is the annual net electrical energy obtained from the 
PVT collector. The annual net electrical energy gain was calculated by 
summing daily hourly values, scaling by the number of clear days per 
month, and then aggregating monthly totals.

The exergoeconomic approach is a methodology that integrates 
exergy analysis with economic principles to evaluate and enhance the 
performance of energy systems. [53]. Given that exergy captures the 
significance of thermodynamic effects, cost allocation based on exergy 
provides a meaningful basis for analysis in energy conversion technol
ogies. A higher exergoeconomic parameter (Rx) indicates greater exergy 
gain and reduced product cost, both of which are desirable character
istics in PV technologies. This parameter can be calculated using Eq. 
(46) [52]. 

Rx =
UAC

Xo− yearly
(46) 

where Xo-yearly is the annual exergy output obtained from the PVT 
collector. The annual exergy output was obtained by summing daily 
hourly values, multiplying by monthly clear days, and totaling the 
monthly outputs. Economic analyses were performed for provinces with 
different climatic conditions—Mersin (Me), Muğla (Mu), and Trabzon 
(Tr)—taking into account their number of sunny days [56,65].

2.6. Enviroeconomic analysis

Electricity generation from clean energy sources offers significant 
potential for mitigating harmful greenhouse gas (GHG) emissions 
[52,57]. Among these, carbon dioxide (CO2) is particularly detrimental 
to both human health and environmental quality [38,58]. In this 
context, environmental analyses were conducted to assess the carbon 
emission reduction potential of the air-cooled PVT collector equipped 
with NACA airfoils as a sustainable alternative to conventional fossil 
fuel-based systems. The annual CO2 mitigation parameters, based on 
both energy (∅CO2 ,en) and exergy (∅CO2 ,x) approaches, are quantified 
using Eqs. (47) and (48), respectively [53]. 

∅CO2 ,en =
ΨCO2 • Ėen • Ndays

1000
(47) 

∅CO2 ,x =
ΨCO2 • Ėx • Ndays

1000
(48) 

In these equations, Ėen and Ėx represent the annual energy and 
exergy outputs, respectively. The parameter ΨCO2 denotes the average 
carbon dioxide emission factor for coal-based electricity generation and 
is assumed to be 2.08 kg CO2/kWh. Ndays denotes the number of sunny 
days in a year considered in the analysis; in this study, three provinces 
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with different climatic conditions [65]—Me, Mu, and Tr—were taken 
into account for the number of sunny days [56].

The annual environmental cost parameters, based on energy (ZCO2 ,en) 
and exergy (ZCO2 ,x), are evaluated using Eqs. (49) and (50), respectively 
[53]. 

ZCO2 ,en = PCO2•∅CO2 ,en (49) 

ZCO2 ,x = PCO2•∅CO2 ,x (50) 

where, PCO2 represents the carbon price per ton of CO2, which is taken as 
an average value of 14.5 $/tCO2 in this study.

2.7. Mesh generation and grid independence test

A grid independence trial was conducted for revealing the reliability 
of the numerical solution. In the discretization process, a free tetrahedral 
mesh generation was performed in the fluid, copper fins, and the lower 
surface area of the copper plate, while a free triangular mesh production 
was used for the other boundary elements. Additionally, a boundary 
layer mesh was introduced on the fluid side between the solid surface 
and the fluid to account for boundary layer effects. Inlet velocity of the 
fluid is 3.5 m/s. For the test, the solar radiation was set to 1000 W/m2, 
and the inlet and outdoor air temperatures were fixed at 25 ◦C. The 
parameters considered were the outlet air temperature (To), cell surface 
temperature (Tc), and pressure difference between the collector inlet 
and outlet air (ΔP). The number of elements adopted in the mesh area 
for the base model ranged from 362,934 to 4,939,349, and the calcu
lated outlet air temperature, cell temperature, and pressure drop were 
compared with each other to define grid independence criteria. The grid 
independence test results are displayed in Fig. 4, where the relative 

Fig. 4. Grid independency test and the relative errors.

Fig. 5. The depiction of the chosen grid arrangement for the PVT collector.

Table 3 
Properties the ANN models that were created.

First Group Model number Neuron in Layers

​ 1 8–5-1
​ 2 8–10-1
​ 3 8–15-1
​ 4 8–20-1

Second Group Model number Neuron in Layers

​ 1 8–5-3
​ 2 8–10-3
​ 3 8–15-3
​ 4 8–20-3
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errors for the number of elements 2,915,819 and 4,939,349 were 
calculated as 0.02 % for outlet air temperature, 0.0003 % for cell tem
perature, and 0.18 % for pressure drop. It was concluded that the rela
tive error for the number of elements between 2,915,819 and 4,939,349 
was less than 0.5 % for the parameters considered, indicating that 
working with the mesh count in this range could be confidently done. 
Therefore, all numerical analyses were performed using a mesh struc
ture with 3,286,478 elements (Fig. 5).

2.8. Artificial neural networks (ANNs) modeling

Different ANN models with various structures were created for the 
key output parameters of the air-cooled PVT collector with NACA 8412 
airfoils, and the most suitable models were determined for usage. The 
output parameters for ANN models include collector outlet air temper
ature (To), cell temperature of PV panel (Tc), and pressure difference 
between inlet and outlet air (ΔP). The input parameters selected are 
geometric and operational parameters that affect the performance of the 
air-cooled PVT collector using NACA 8412 airfoils. The geometric input 
parameters are the distances from the edges of the panel to the inside for 

Fig. 6. Structure of generated ANN models for estimating one output parameter (a − c) and all output parameters (d).

Table 4 
Ranges of input parameters used in the development of ANN models.

Input parameter Unit Range

x1 mm 0–65
x2 mm 0–70.80
y1 mm 0–105
y2 mm 0–56.06
vi m/s 2–6
Ti

◦C 25–40
I W/m2 200–1000
vw m/s 0–4

Fig. 7. Comparison results obtained from current study and experimental data 
reported by Tiwari et al. [59].
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the rightmost and leftmost positioned airfoils (x1), the distance between 
the airfoils in the x-direction of the PV panel (x2), the distances from the 
inlet and outlet mouths of the airfoils in the y-direction (the flow di
rection) (y1), and the distance between the airfoils in the y-direction 
(y2). Cases where x1, x2, y1, and y2 distances are zero represent a flat 
plate PVT collector. To ensure that the ANN models could encompass a 
broad range of geometries and operating conditions in the designed air- 
cooled PVT collector, extensive numerical simulations were performed 
across diverse operating parameters, resulting in the generation of a 
comprehensive dataset. The operational input parameters are the inlet 
air velocity (vi), inlet air temperature (Ti), irradiation (I), and wind 
speed (vw). In the study, the developed ANN models were classified into 
two groups (Table 3). The first group involves separate ANN models for 
each output parameter individually (from Fig. 6-a to c). The second 
group involves a single ANN model for all output parameters considered 
(Fig. 6-d). The total number of inputs used in developing ANN models is 
4776, and the number of outputs is 597 for first group and 1791 for 
second group, respectively. 60 % of this data was used for training, 20 % 
for validation, and the remaining 20 % for testing purposes. The 
generated ANN models used a single hidden layer, testing varying 
numbers of neurons in the hidden layer (Table 3). The Levenberg- 
Marquardt Backpropagation algorithm and the Feed Forward Back
propagation algorithm were used as the training function and the 
training algorithm, respectively. The log-sigmoid (Logsig) transfer 
function and the linear (Purelin) transfer function were used in the 
hidden layer and output layer, respectively. Table 4 presents the ranges 
of input parameters for the ANN models.

2.9. Model validation

In this study, the outputs of the experimental research conducted by 
Tiwari et al. [59] were used for validation purposes. The PV panel area 
(0.61 m2) and the dimensions of the air channel (1.2 x 0.45 x 0.1 m) 
were adjusted to be the same as those in the experimental setup. An 
electrical efficiency of 12 % was assumed. For validation, two crucial 
performance parameters were considered: PV cell temperature (Tc) and 

collector outlet air temperature (To). Fig. 7 demonstrates the trends 
between experimental and numerical results. It was indicated that all 
data were within a 10 % relative error margin. For cell temperature, the 
average and maximum relative errors were found as 3.69 % and 8.97 %, 
respectively, while for outlet air temperature, the average and maximum 
relative errors were found as 4.58 % and 7.07 %, respectively.

In this study, a second validation was also performed, focusing on the 
numerical modeling of the NACA airfoils. Since no experimental study 
exists for air-cooled PVT collectors with NACA airfoils, validation was 
based on the experimental data of the Nusselt Number (Nu), a dimen
sionless heat transfer coefficient representing the ratio of convective to 
conductive heat transfer at a surface, as reported by Patel et al. [33] for a 
solar air heater roughened with a NACA 0040 profile rib (C10 plate). 
The experimental setup included a 1000 mm test section, preceded and 
followed by 525 mm and 875 mm entrance and exit lengths, respec
tively. The C10 ribs, with a chord length of 10 mm and a height of 2 mm, 
were continuously arranged along the absorber plate. The numerical 
model showed strong agreement with the experimental data across 
Reynolds numbers (Re) from 6000 to 18000, with a minimum, 
maximum, and average relative error of 0.83 %, 8.66 %, and 3.73 %, 
respectively, and all data points falling within a 10 % relative error 
margin (Fig. 8).

Minor deviations observed in both validation studies are primarily 
attributed to uncertainties in the experimental boundary conditions and 
the idealized assumptions adopted in the numerical modeling. Despite 
these minor discrepancies, the consistent trends and acceptable relative 
errors demonstrate that the numerical and experimental results are in 
good agreement.

3. Results and discussion

This study presents a comprehensive numerical investigation of the 
effects of vertical and horizontal arrangements of NACA 8412 airfoil 
profiles on the performance of air-cooled PVT collectors. The finite 
element method was employed for numerical analysis, with all simula
tions conducted under baseline conditions outlined in Table 5. Initially, 
the impact of varying NACA 8412 airfoil arrangements along the y-axis 
on the energetic and exergetic performance parameters of the PVT col
lector was analyzed. Subsequently, the influence of different airfoil ar
rangements along the x-axis was examined. Finally, various artificial 
neural network (ANN) models were developed to predict key output 
parameters of the PVT collector based on the generated numerical data, 
and the most accurate models were identified and presented.

3.1. Comparison of NACA 8412 airfoil placement at varying distances in 
the y-direction (Le,y)

Firstly, the effects of NACA 8412 model airfoils placed at different 
distances in the y-direction on the important metrics of the PVT collector 
were examined. Since the study primarily examined the impact of 
different placements of the airfoils in the y-direction, the intervals be
tween all airfoils along the panel in the x-direction were set to be equal 
(x1 = x2 = 48.86 mm).

Fig. 9 illustrates the variations in the cell temperature of the PV 
panel, the outlet air temperature from the PVT collector, and the pres
sure drop between the inlet and outlet of the collector for different air 
inlet velocities based on the placement of NACA 8412 model airfoils at 
different Le,y. Across all inlet air velocities, using NACA 8412 model 
airfoils resulted in lower cell temperature and higher outlet air tem
perature compared to a flat plate PVT collector. In NACA airfoil- 
integrated PVT systems, increasing the air velocity from 2  m/s to 5 
m/s resulted in a decrease in the air outlet temperature from 35.37 ◦C to 

Fig. 8. Comparison results obtained from current study and experimental data 
for NACA 0040 profile rib reported by Patel et al. [33].

Table 5 
Input parameters used in numerical analysis.

Parameter Unit Base-case Variable

vi m/s − 2–6
I W/m2 1000 −

vw m/s 2 −

Ti
◦C 25 −
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30.51 ◦C and in the cell temperature from 51.44 ◦C to 42.32 ◦C. 
Compared to the flat plate collector, this configuration increased the air 
outlet temperature by 3.26 % and 1.60 %, while reducing the cell 
temperature by 4.80 % and 6.78 %, respectively. With NACA airfoils, the 
pressure drop increased from 5.71  Pa to 28.1  Pa as the air velocity rose 
from 2  m/s to 5  m/s, corresponding to increases of 62.38 % and 61.67 
% compared to the flat plate collector. This increasing pressure drop 
trend can be attributed to the fundamental fluid dynamics within the 
channel. As the inlet air velocity increases, the Reynolds number rises, 
leading to a transition to more turbulent flow. When the airflow passes 
over the NACA 8412 airfoils, it is redirected and disturbed, forming 
localized vortices and enhancing fluid mixing. These phenomena 
intensify the wall shear stress and frictional resistance, causing higher 
pressure losses. At the same time, the elevated turbulence improves 
convective heat transfer by disrupting the thermal boundary layer and 
increasing the rate of heat removal from the PV cell and absorber sur
face. Thus, while higher inlet velocity and the presence of aerodynamic 
airfoils lead to increased pressure drop, they also contribute to improved 
heat transfer performance. This highlights the need to balance thermal 

gains with the associated fan power requirements. The temperature 
variation indicates that the use of airfoils improves heat transfer 
compared to a flat plate. However, it was found that the use of airfoils 
resulted in greater pressure drop compared the flat plate. Second note
worthy result is that as Le,y vary from 5 mm to 105 mm, cell temperature 
increases gradually, while outlet air temperature and pressure drop 
decrease progressively. Fig. 10 present the velocity, pressure, and tem
perature distributions of the air in the PVT collector for Le,y = 5 mm, 65 
mm, and 105 mm. As Le,y changes from 5 mm to 105 mm, the decrease in 
velocity reduces the pressure drop within the channel. This occurs 
because the airfoils are placed farther from the inlet and outlet, resulting 
in less flow disturbance. The reduced turbulence not only decreases 
frictional losses, hence pressure drop, but also weakens convective heat 
transfer by thickening the thermal boundary layer. This explains why 
heat transfer deteriorates and outlet air temperature shows a decreasing 
trend, while cell temperature increases with larger Le,y values. In other 
words, as the Le,y change from 5 mm to 105 mm, the heat transfer de
teriorates while the pressure drop improves. The arrangements in the y- 
direction, which exhibited lower cell temperature and pressure drop 

Fig. 9. Variations of To, Tc, and ΔP for different Le,y within an inlet velocity range of 2 to 5 m/s.
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Fig. 10. Velocity (a), pressure (b) and temperature (c) distributions of PVT collectors for different Le,y at vi = 5 m/s.
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while showing higher air outlet temperature, highlighted the impor
tance of airfoil placement in enhancing the performance of the PVT 
collector.

In Figs. 11 and 12, the variations of energy and exergy rates are 
presented for different Le,y and vi. Thermal and electrical energy and 
exergy production are parameters dependent on outlet air temperature 
and cell temperature, respectively. Therefore, as Le,y changes from 5 mm 
to 105 mm, thermal energy and exergy rate decrease because of the 
reduction in outlet air temperature, and the decrease in pressure drop 
results in a decline in the power consumption of the fan. Use of airfoils 
improved heat transfer. However, the improvement in heat transfer 
necessitated additional fan power. For all inlet velocities, an increase in 
Le,y from 5 mm to 105 mm results in a rise in cell temperature and a 
decrease in pressure difference. At lower inlet velocities (2 and 2.5 m/s), 
the impact of changes in cell temperature is more dominant than that of 
pressure difference. Under these conditions, positioning the airfoils 
closer to the collector inlet and outlet mouths (Le,y) enhances both the 
electrical energy and the exergy rates. Conversely, at higher inlet ve
locities (4.5 and 5 m/s), the influence of pressure difference becomes 

more pronounced than that of cell temperature. For higher inlet velocity 
operations, suitable airfoil placement, in terms of maximizing electrical 
energy and exergy rates, is achieved when Le,y is positioned between 55 
mm and 70 mm. The net electrical energy and exergy rates are higher 
than that of the flat plate up to vi = 5 m/s, but almost at the same levels 
at vi = 5 m/s for base-case conditions in Table 5. The main reason for this 
is that the increase in electrical energy and exergy obtained is propor
tionally less than the increase in fan power consumption. Despite 
achieving the highest thermal energy and exergy production rates for all 
vi in arrangements with Le,y = 5 mm and 10 mm, the electrical energy 
and exergy production rates were lower for vi between 4–5 m/s 
compared to other arrangements. For airfoils arrangements other than 
Le,y = 5 mm and 10 mm, the inlet velocity upper limit should not exceed 
5 m/s for base-case conditions. When it exceeds 5 m/s, the advantage of 
the airfoils cannot be utilized for net electrical production rate compared 
to the flat plate. These results underscore the importance of accurately 
determining operational parameters, such as flow rate, to achieve higher 
thermal and electrical energy and exergy production in designed PVT 
collector.

Fig. 11. Variations of Ėt, Ėe,n, and Ėf different Le,y within an inlet velocity range of 2 to 5 m/s.
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The variation in airfoil arrangement from Le,y = 5 mm to Le,y = 105 
mm resulted in a decrease in all performance metrics, except for elec
trical efficiency, as illustrated in Figs. 13 and 14. This outcome can be 
attributed to the deterioration of heat transfer efficiency and the in
crease in pressure losses. Additionally, it was determined that the dif
ference between the performance parameters, such as electrical energy, 
primary energy saving, and exergy efficiencies obtained from the flat 
plate and those obtained from the PVT design diminishes as the flow rate 
raises. The main cause for this is the significant effect of pressure drop on 
these performance metrics. Although generally the highest thermal ef
ficiency was obtained at Le,y = 5 mm, the lowest electrical efficiency was 
obtained at Le,y = 5 mm, especially for vi = 5 m/s. Considering the in
fluence of inlet air velocity on electrical efficiency under a solar irra
diance of 1000  W/m2, the proposed design is recommended to operate 
at air velocities not exceeding 5  m/s to maintain its superior perfor
mance. Although the fan power consumption remains nearly constant 
for specified inlet velocities, the net electrical output and, consequently, 
the electrical efficiency, vary with changes in solar irradiance. This 
variability necessitates the establishment of different upper inlet ve
locity limits to sustain superior performance relative to a flat plate PVT 

collector across different solar irradiance conditions. Table A1 provides 
the recommended upper inlet velocity thresholds for each performance 
metric at different solar radiation intensities. Specifically, lower inlet 
velocity caps are suggested at lower irradiance levels to sustain superior 
electrical and exergy efficiencies. Meanwhile, for thermal efficiency and 
primary energy saving efficiency, the PVT system consistently out
performs the flat plate configuration at all tested velocities, obviating 
the need to define an upper velocity constraint for these criteria. The 
results demonstrated the importance of accurately positioning the air
foils in the y-direction and determining the appropriate operating con
ditions for achieving the highest efficiency levels.

3.2. Comparison of NACA 8412 airfoil placement at varying distances in 
the x-direction (Le,x)

In this part, the effects of NACA 8412 model airfoils placed at 
different distances in the x-direction on the important metrics of the PVT 
collector were examined. Le,y was set 65 mm, as this value demonstrated 
consistently favorable outcomes in prior analyses. Le,x was varied at 
intervals of 5 mm from 5 mm to 65 mm.

Fig. 12. Variations of Ẋt, Ẋe,n, and Ẋf for different Le,y within an inlet velocity range of 2 to 5 m/s.
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Fig. 13. Variations of ηt, ηe, and ηPES for different Le,y within an inlet velocity range of 2 to 5 m/s.

Fig. 14. Variations of ηx for different Le,y within an inlet velocity range of 2 to 5 m/s.
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The analysis revealed that the lowest cell temperatures and pressure 
drops were achieved at Le,x = 35 and Le,x = 45 (Fig. 15). For Le,x = 65, 
velocity profiles between the airfoil profiles reached their peak values, 
while the velocity at the right and left margins of the PVT collector for it 
was lower than in other configurations (Fig. 16-a). Moreover, at Le,x =

35, velocity distribution within the channel was more uniform 
compared to Le,x = 65, resulting in a more homogeneous temperature 
distribution along the channel and at the collector outlet (Fig. 16-b). 
This uniform temperature distribution within the channel contributed to 
a lower average cell temperature (between 40.82 and 51.53 ◦C) of the 
PV panel for Le,x = 35. The results underscore the significance of both 
optimal airfoil profile positioning and appropriate determination of 
operational parameters in enhancing PVT collector performance, as 
demonstrated by the improved outcomes in air outlet temperature, cell 
temperature, and pressure drop.

For all flow velocities, the thermal energy production rate reaches its 

peak at Le,x = 5, while the electrical energy production rate predomi
nantly achieves its maximum at Le,x = 35 (Fig. 17). Notably, the lowest 
fan power consumption, corresponding to the lowest pressure drops, is 
found at Le,x = 35 and Le,x = 45. The results indicate that the influence of 
fan power consumption on net electrical energy production must be 
carefully considered. The trends in thermal and electrical exergy rates 
closely mirrored those identified in thermal and electrical energy rates 
(Fig. 18). Although the thermal exergy rates exhibit trends similar to 
those of thermal energy rates, their numerical values differ significantly. 
This disparity leads to varying exergy loss trends observed across 
different inlet velocities. These results highlight the critical importance 
of accurately determining the x-direction positioning of airfoils to 
minimize fan power effects and maximize energy and exergy pro
ductions in the designed PVT collector.

The highest electrical efficiencies were found at Le,x = 35, while the 
highest thermal and primary energy saving efficiencies were found at Le, 

Fig. 15. Variations of Tc, To and ΔP for different Le,x within an inlet velocity range of 2 to 6 m/s.
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Fig. 16. Velocity (a) and temperature (b) distributions of PVT collectors for different Le,x at vi = 4.5 m/s.
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x = 5 (Fig. 19). For applications requiring higher thermal power, the 
airfoil arrangement at Le,x = 5 is more suitable, whereas for applications 
prioritizing higher electrical power, the airfoil arrangement at Le,x = 35 
is recommended. The maximum exergy efficiency across various airfoil 
arrangements along the x-direction varied with inlet velocities (Fig. 20). 
This variation is primarily attributed to differences in the thermal exergy 
production rate. The airfoil profile arrangement in the x direction can be 
tailored to meet the specific requirements of various systems. The results 
of this study are highly significant in guiding such design decisions.

3.3. Economic evaluation

In this study, comprehensive economic analyses were conducted for 
the proposed PVT collector by considering a range of interest rates and 
system lifespans across three provinces with distinct climatic conditions. 
The evaluations focused on three key economic indicators: UAC, Ce.n, 
and Rx. Annual net electricity generation and exergy output values 

specific to the solar potential of each location were utilized in the 
assessment. The analyses used the NACA airfoil configuration with Le,y 
= 65  mm, Le,x = 35  mm, and vi = 2 m/s.

As shown in Table 6, UAC values increase with higher interest rates 
and decrease with longer system lifespans for all three locations. Among 
the cases analyzed, the lowest UAC was consistently obtained at a 5 % 
interest rate and a 20-year lifespan, highlighting the cost-reducing 
impact of extended operation periods. Similarly, Ce.n values tend to 
decrease as the system lifespan increases but rise with higher interest 
rates. This trend is observed consistently in Mersin, Muğla, and Trabzon, 
with Trabzon generally exhibiting higher Ce.n values due to its 
comparatively lower annual energy output. The exergoeconomic per
formance indicator Rx, representing the exergy output per unit cost, 
improves with increasing lifespan as a result of declining UAC, while it 
declines with rising interest rates due to increased cost burdens. In 
particular, the highest Rx values were recorded at 5 % interest and a 20- 
year lifespan across all cities.

Fig. 17. Variations of Ėt, Ėe,n, and Ėf for different Le,x within an inlet velocity range of 2 to 6 m/s.
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These results emphasize the high sensitivity of UAC, Ce,n, and Rx to 
both financial parameters and local climatic conditions. Therefore, 
regional and financial variability should be jointly considered when 
evaluating the economic feasibility of PVT systems.

3.4. Enviroeconomic evaluation

For the environmental assessment of the presented air-cooled PVT 
collector, monthly and annual analyses were conducted based on the 
number of sunny days specific to three provinces in Türkiye. The energy 
and exergy gains, CO2 emission reductions, and associated economic 
savings varied monthly, influenced by local solar irradiation, ambient 
temperature, and collector efficiency. The analyses used the NACA 
airfoil configuration with Le,y = 65  mm, Le,x = 35  mm, and vi = 2 m/s.

As shown in Table 7, the energy-based analysis indicates that regions 
with higher solar potential, such as Mersin and Muğla, yield greater CO2 
reductions and economic savings compared to regions with lower solar 
availability, like Trabzon. These values are generally higher during the 
warmer months, while lower values are observed in colder periods due 

to reduced solar radiation. Similarly, Table 8 reveals that the exergy- 
based assessment follows the same trend, with improved environ
mental and economic performance during summer months and in 
sunnier regions.

These results highlight the importance of considering both seasonal 
and regional climatic conditions when evaluating the environmental 
and economic viability of PVT systems.

3.5. Comparison with literature

Table 9 provides a comparative overview of the electrical, thermal, 
overall, primary energy saving, and exergy efficiencies of air-cooled PVT 
collectors equipped with various fin geometries reported in the litera
ture. To facilitate a consistent comparison with the referenced studies, 
two distinct definitions of electrical efficiency are employed in this 
study: the first includes the impact of fan power consumption (ηel), while 
the second (ηel,2) excludes it. The values presented in the table reflect the 
minimum and maximum performance ranges reported under the spe
cific conditions of each referenced work. It is essential to emphasize that 

Fig. 18. Variations of Ẋt, Ẋe,n, and Ẋf for different Le,x within an inlet velocity range of 2 to 6 m/s.
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the specific conditions across these studies differ in terms of geometric 
configurations, ambient and inlet air temperatures, wind speeds, air 
flow rates, and solar irradiance levels. These variations limit the feasi
bility of direct, one-to-one performance comparisons.

Nevertheless, the NACA-airfoil configuration examined in the pre
sent study exhibits performance values that are not only consistent with 
but also, in some cases, superior to those of conventional fin designs 
found in the literature. This comparative evaluation affirms the tech
nical viability and competitive advantage of the NACA 8412 airfoil ge
ometry as an effective enhancement for air-cooled PVT systems.

3.6. Comparison of created ANN model results

The performance of the ANN models was evaluated using Root Mean 
Square Error (RMSE) and the coefficient of determination (R2) as key 
performance indicators to identify the models that provided the most 
accurate predictions (Fig. 21).

In the first group of ANN models, the third ANN model achieved the 
highest performance metrics for predicting outlet temperature and 
pressure drop. Among the ANN models developed for predicting cell 
temperature in the first group and all outputs in the second group, the 
fourth ANN model exhibited the highest statistical performance across 
all evaluation metrics. Specifically, the fourth ANN model in the second 
group achieved the highest coefficient of determination (R2) for cell 
temperature predictions, while the lowest R2 value was observed for 
pressure drop predictions.

In Fig. 22, the numerical results of the most effective ANN models for 
every parameter in Group (1) and Group (2) are compared. The results 
obtained from the best models of both groups show strong correlation 
with the numerical findings. The statistical performance indicators for 
each output parameter in Group (1) surpass those obtained for all output 
parameters in Group (2). However, the results from Group (2) remain 
closely aligned with those of Group (1), demonstrating a comparable 
level of accuracy. Both groups yield acceptable and reliable outcomes, 

Fig. 19. Variations of ηt, ηe, and ηPES for different Le,x within an inlet velocity range of 2 to 6 m/s.
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validating their suitability for practical applications. For scenarios 
where achieving the highest possible accuracy is paramount, the models 
developed for individual output parameters in Group (1) are more 
appropriate. Conversely, if a balance between high accuracy and prac
tical applicability is prioritized, the integrated model proposed for all 
output parameters in Group (2) is a more suitable choice.

Since the ANN models developed for both groups demonstrated high 

accuracy, they are expected to offer researchers a practical means for 
comparing PVT collectors with various fin configurations reported in the 
literature. Furthermore, these models will facilitate the integration of 
the designed PVT collector into the dynamic analyses of different pro
cesses such as heating, cooling, and drying conducted in the MATLAB or 
similar computational environments.

Fig. 20. Variations of ηx for different Le,y within an inlet velocity range of 2 to 6 m/s.

Table 6 
Variations in the economical indicators to different interests and lifespans.

Pc ($) int (%) n (year) UAC ($) Ee,n,yearly (kWh/year) Xo-yearly (kWh/year) Ce,n ($/kWh) Rx (kWh/$)

Me Mu Tr Me Mu Tr

88.36 5 10 11.88 Me:47.50 
Mu:44.71 
Tr:34.19

Me:132.17 
Mu:130.27 
Tr:93.55

0.250 0.266 0.348 11.121 10.961 7.871
​ 10 10 15.26 0.321 0.341 0.446 8.659 8.535 6.129
​ 15 10 18.93 0.398 0.423 0.554 6.982 6.881 4.941
​ 20 10 22.84 0.481 0.511 0.668 5.786 5.703 4.095
​ 5 15 8.95 0.188 0.200 0.262 14.760 14.548 10.447
​ 10 15 12.50 0.263 0.280 0.366 10.573 10.421 7.484
​ 15 15 16.44 0.346 0.368 0.481 8.041 7.926 5.692
​ 20 15 20.67 0.435 0.462 0.604 6.396 6.304 4.527
​ 5 20 7.53 0.158 0.168 0.220 17.548 17.296 12.420
​ 10 20 11.26 0.237 0.252 0.329 11.736 11.567 8.306
​ 15 20 15.44 0.325 0.345 0.452 8.559 8.436 6.058
​ 20 20 19.91 0.419 0.445 0.582 6.638 6.542 4.698

Table 7 
Variations in the energy-based enviro-economic indicators from month to year.

Months Ndays Ėen (kWh) ∅CO2 ,en(tCO2/month) ZCO2 ,en($/month)

Me Mu Tr Me Mu Tr Me Mu Tr Me Mu Tr

January 20 18 17 15.02 18.10 15.66 0.031 0.038 0.033 0.45 0.55 0.47
February 18 15 16 16.61 14.38 18.72 0.034 0.030 0.040 0.50 0.43 0.56
March 23 20 16 27.17 24.94 20.46 0.056 0.052 0.042 0.82 0.75 0.62
April 23 20 15 31.53 25.10 18.47 0.065 0.052 0.038 0.95 0.76 0.56
May 25 22 17 34.76 28.92 19.13 0.072 0.060 0.040 1.05 0.87 0.58
June 27 25 18 32.14 34.36 21.24 0.067 0.071 0.044 0.97 1.04 0.64
July 30 29 23 38.50 36.36 24.94 0.080 0.076 0.052 1.16 1.10 0.75
August 30 29 21 37.74 36.78 23.03 0.079 0.077 0.048 1.14 1.11 0.69
September 28 26 18 38.23 31.02 17.79 0.080 0.064 0.037 1.15 0.94 0.54
October 26 24 17 32.98 25.75 17.08 0.069 0.054 0.036 0.99 0.78 0.52
November 23 21 18 22.04 20.16 15.24 0.046 0.042 0.032 0.66 0.61 0.46
December 20 17 17 16.29 12.09 9.18 0.034 0.025 0.019 0.49 0.36 0.28
Annual 293 266 213 343.02 307.97 220.93 0.713 0.641 0.460 10.34 9.29 6.66
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Table 8 
Variations in the exergy-based enviro-economic indicators from month to year.

Months Ndays Ėx (kWh) ∅CO2 ,x(tCO2/month) ZCO2 ,x($/month)

Me Mu Tr Me Mu Tr Me Mu Tr Me Mu Tr

January 20 18 17 7.29 8.16 5.54 0.015 0.017 0.011 0.22 0.25 0.17
February 18 15 16 7.70 7.46 7.27 0.016 0.016 0.015 0.23 0.22 0.22
March 23 20 16 11.65 12.02 7.84 0.024 0.025 0.016 0.35 0.36 0.24
April 23 20 15 11.66 11.64 7.75 0.024 0.024 0.016 0.35 0.35 0.23
May 25 22 17 12.80 13.01 8.54 0.027 0.027 0.018 0.39 0.39 0.26
June 27 25 18 12.96 12.51 9.25 0.027 0.026 0.019 0.39 0.38 0.28
July 30 29 23 14.46 14.33 11.51 0.030 0.030 0.024 0.44 0.43 0.35
August 30 29 21 14.41 13.90 9.65 0.030 0.029 0.020 0.43 0.42 0.29
September 28 26 18 12.69 12.88 8.10 0.026 0.027 0.017 0.38 0.39 0.24
October 26 24 17 11.19 10.34 6.99 0.023 0.021 0.015 0.34 0.31 0.21
November 23 21 18 8.64 8.21 6.45 0.018 0.017 0.013 0.26 0.25 0.19
December 20 17 17 6.71 5.80 4.65 0.014 0.012 0.009 0.20 0.17 0.14
Annual 293 266 213 132.17 130.27 93.55 0.275 0.271 0.195 3.99 3.93 2.82

Table 9 
Comparison of some PVT studies with different fins in the literature and the present PVT collector in terms of performance indicators.

Ref. Type of fin Efficiency (%)

ηel ηel,2 ηt ηo ηPES ηx

[26] buffles with holes − 11.66–13.10 24.77–37.40 ​ ​ ​
[43] ∇-corrugated absorber − − − − − 12.89–13.36
[60] flat transpired ​ ​ ​ 54.29 ​ 8.66
[61] longitudinal fins and rectangular turbulators − 16.9–17.32 16.9–17.32 ​ 79.72–89.52 −

[62] longitudinal fins ​ 8–9 45–63 − 66.05–86.68 −

[63] pin fin − 4.07–4.90 29.14–42.6 33.21–47.50 39.85–55.49 7.27–8.26
[64] pin fin − − − − 55.2–61.4 9.60–9.95
Present study NACA airfoil 8.71–8.90 8.75–9.23 50.34–70.85 59.06–79.56 73.30–93.77 10.23–10.69

Fig. 21. Performance indicators for developed ANNs.
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4. Conclusions

This study presented a numerical performance analysis of an air- 
cooled PVT collector integrated with NACA 8412 airfoils, focusing on 
energy, exergy, economic, and environmental aspects, and also devel
oped ANN-based models to predict key output parameters. The key 
conclusions are: 

• For inlet velocities below 4.5  m/s under base-case conditions, Le,y =

5 mm spacing yielded superior thermal and electrical performance, 
whereas at 4.5  m/s and above, the electrical efficiency declined due 
to increased pressure losses, reaching levels comparable to or lower 
than those of flat plate PVT collectors at 5  m/s.

• A favorable x-direction (Le,x) spacing was identified at 35  mm, 
providing lower cell temperatures, reduced pressure drop, and su
perior electrical and exergy performance.

• Economic analysis showed that longer system lifespans and lower 
interest rates notably reduce electricity costs and improve exer
goeconomic performance. With a single collector, Mersin yielded the 
most favorable results, achieving the lowest cost of 0.158 $/kWh and 
the highest Rx value of 17.55 kWh/$, followed by Muğla and 
Trabzon.

• Environmental analysis revealed that, with a single collector, CO2 
emission reductions and associated savings vary by region and sea
son, with higher values in warmer months and sunnier locations. 
Mersin and Muğla outperformed Trabzon, with annual reductions in 

Mersin reaching 0.713  t (energy-based) and 0.275  t (exergy-based), 
corresponding to savings of $10.34 and $3.99, respectively.

• ANN models developed for both individual and combined output 
parameters demonstrated high prediction accuracy. The Group (1)
model (ANN-3 and ANN-4) achieved the best performance for tem
perature and pressure prediction, while the Group (2) model offered 
a balanced, practical solution.

Overall, the integration of NACA 8412 airfoils into PVT collectors 
provided enhanced energy and exergy efficiencies without excessive 
pressure penalties at optimal spacing. The study also introduces novel 
ANN tools and design insights, offering a valuable contribution for 
future PVT system development and integration.
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Appendix 

See Table A1.

Table A1 
Recommended inlet velocity upper limits for performance metrics.

Solar radiation (W/m2) Upper limits (vi)

ηt ηe ηPES ηx

200 no limits 2 m/s no limits 2 m/s
400 no limits 2.5 m/s no limits 3.5 m/s
600 no limits 3.5 m/s no limits 4.5 m/s
800 no limits 4.5 m/s no limits 5.5 m/s
1000 no limits 5 m/s no limits no limits

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2025.126955.

Fig. 22. Comparison of the most effective ANNs.
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[21] E. Arslan, M. Aktaş, Ö.F. Can, Experimental and numerical investigation of a novel 
photovoltaic thermal (PV/T) collector with the energy and exergy analysis, J Clean 
Prod 276 (2020) 123255, https://doi.org/10.1016/j.jclepro.2020.123255.

[22] S. Singh, S. Agarwal, G.N. Tiwari, D. Chauhan, Application of genetic algorithm 
with multi-objective function to improve the efficiency of glazed photovoltaic 
thermal system for New Delhi (India) climatic condition, Sol. Energy 117 (2015) 
153–166, https://doi.org/10.1016/j.solener.2015.04.025.

[23] W. Fan, G. Kokogiannakis, Z. Ma, A multi-objective design optimisation strategy 
for hybrid photovoltaic thermal collector (PVT)-solar air heater (SAH) systems 

with fins, Sol. Energy 163 (2018) 315–328, https://doi.org/10.1016/j. 
solener.2018.02.014.

[24] M. Tahmasbi, M. Siavashi, A.M. Norouzi, M.H. Doranehgard, Thermal and 
electrical efficiencies enhancement of a solar photovoltaic-thermal/air system 
(PVT/air) using metal foams, J Taiwan Inst Chem Eng 124 (2021) 276–289, 
https://doi.org/10.1016/j.jtice.2021.03.045.
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