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ARTICLE INFO ABSTRACT

Handling editor: X Zhang Photovoltaic thermal (PVT) collectors that can achieve maximum efficiency from solar irradiation can be critical
concepts for meeting energy demand in residential applications. Even though there is much research on

Keywords: increasing heat transfer, multifunctional designs that provide homogeneous results are limited. This study ex-

ls;\)ll'?r energy plores the production of electricity and hot air from a novel design of a PVT. A new perforated copper plate

design has been proposed to achieve maximum efficiency by providing homogeneous cooling in the PVT. Firstly,
numerical analysis of this design was performed using Ansys Fluent software, then tested experimentally. The
highest and average electrical and thermal efficiency of PVT are obtained as 17.62 %, 15.63 %, and 76.75 %,
43.68 %. In experiments conducted under winter conditions, the maximum temperature value in the PVT was
measured as 41.54 °C. Moreover, the payback period of the PVT system was calculated as 6.1 years. The pro-
posed PVT collector can be used as a new model for integrating solar energy in buildings with almost zero energy.
Considering the eco-design, this PVT design can contribute net positive carbon, ecological footprint, and green
manufacturing.

Temperature control
Eco-design
Variable air volume

heat energy is withdrawn from the surface. In this way, thermal energy
is provided by solar irradiation in addition to electrical energy. In
addition, heat transfer performance can be enhanced by employing ribs,
fins, or inserts. Fins provide temperature consistency, increase convec-
tive heat transfer, enhance heat dissipation, improve thermal absorp-
tion, and improve overall PVT system performance and efficiency. Air is
beneficial for heat transmission and storage in PVT systems because of
its high specific heat capacity, which makes it possible for thermal en-
ergy to be absorbed and stored efficiently per unit mass [15,16].

In their study, Arslan et al. [17] developed and evaluated a novel
air-cooled monocrystalline photovoltaic tube, including air-fluidized
glass glass and copper fins. The system’s efficiency was calculated
before the experiments using computational fluid dynamics (CFD)
research. This study’s researchers conducted computational and exper-
imental analyses of various mass flow rates. In conclusion, they observed
that the PV surface temperature decreased as the mass flow rate
increased while the efficiency increased by 0.42 %. When the flow rate
was 0.031087 kg/s, the thermal efficiency of PVT was 37.10 %, and the

1. Introduction

With the advancement of technology and the dynamic rise in pop-
ulation, energy consumption is also expanding rapidly. Recently, there
has been an effort to use sustainable and renewable energy to reduce the
carbon emissions associated with electric and thermal energy demand
[1,2]. Solar energy is the best clean, sustainable, inexhaustible energy to
meet these efforts. Among solar energy technologies, photovoltaic
thermals (PVT) are the most established green technologies worldwide.
Since PVTs can generate electrical and thermal energy, they are an
excellent alternative to meet energy needs, especially in building ap-
plications. Additionally, PVTs are advantageous regarding capital in-
vestment, commercial expansion, affordability, and compactness [3-5].

It is aimed to increase the efficiency of the photovoltaic (PV) col-
lector by cooling and obtaining thermal energy by absorbing the heat
from the PV surface. PV collectors are cooled with working fluids such as
air [6-8], water [9,10], refrigerant [11,12], nanofluid [13,14], etc., and
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Nomenclature

Acronyms

CFD computational fluid dynamics
COP coefficient of performance

DC direct current

MPP maximum power point

NTC negative temperature coefficient
PV photovoltaic

PVT photovoltaic thermal collector
SD secure digital

Symbols

A area (m?)

A collector area (m?)

AC annual amount ($/year)

Lo specific heat capacity (J/kgK)
Ey exergy (W)

ET unit price of electricity ($/kWh)
I current (A)

m mass flow rate of air (kg/s)
Meqs amount of natural gas (m%)

N daily working time in a year (h)
P power (W)

pp payback period (year)

NT unit price of natural gas ($/m>)
R measured quantity

S solar irradiation (W/m?)
Q thermal power (W)
Q,, useful energy (W)

T temperature (K)

TIC total investment cost ($)
14 voltage (V)

Wr total uncertainty
Greek

p density (kg.m>)

n efficiency (%)

v velocity (m/s)
Subscripts

a ambient

d destruction

el electric

ex exergy

irr irradiation

in inlet

max maximum

s sun

out outlet

th thermal

x independent variables
w error rates

electrical efficiency was 13.56 %. The thermal efficiency and electrical
efficiency of PVT were obtained as 49.5 % and 13.98 % when the flow
rate was 0.04553 kg/s. Abuska and Sevik [18] experimentally investi-
gated aluminum flat-plate solar collectors, copper flat-plate solar col-
lectors, v-groove aluminum solar collectors, and v-groove copper solar
collectors at different mass flow rates. Mass flow rates were taken as
0.04 kg/s, 0.06 kg/s, 0.08 kg/s, and 0.1 kg/s in the experiments. They
found that the thermal and exergy efficiencies of the collectors were
43-60 % and 6 — 12 %, respectively. The average payback value was
found to be 4.3 — 4.6 years. The collector with the highest thermal
performance was the copper v-groove collector. Yu et al. [19] made a
PVT with a single piece of glass cover and an interior chamber that kept
the top and bottom of the absorber in a vacuum state. They then tested it
against an air-gap PVT to see which worked better. At 50 °C, the vacuum
plate PVT had much better temperature performance than the air-gap
PVT. When there is no air in the room, the heat loss index drops by
16.08 %. This could increase the rate at which solar energy is utilized by
making the system process longer in the winter. In their study, Guo et al.
[20] examined a PVT that possessed a tri-functional design. Water was
used as a working fluid. The researchers got yearly thermal efficiencies
of 38.5 %, 38.9 %, and 40.1 % for the PVT conducted in Hefei, Beijing,
and Xining. They concluded that the tripartite PVT exhibited higher
efficiency than the individual PVT water and air collectors. Kumar and
Rosen [21] examined the performance of their proposed PVT in two
cases, with and without fins. It was observed that when the absorber
area was expanded in the finned system, heat transfer increased, and the
cell temperature decreased. With the addition of the fins, thermal and
electrical efficiency increased to 15.5 % and 10.5 % respectively.
Maurya et al. [22] designed a tubular three-pass solar air heater and
tested it at different air mass flow rates under glazed and unglazed
conditions. Three passes, five tubes per pass for 15 tubes, were placed
close to each other. The thermal efficiency of the three-pass solar air
heater increased with increasing air flow rate. At 0.006 kg/s, 0.004 kg/s,
and 0.002 kg/s air flow rates, the maximum thermal efficiency was
60.04 %, 41 %, and 33.3 %, respectively. Higher thermal efficiency was

achieved in the glazed case than in the unglazed case. The maximum
value of the outlet air temperature for the three-pass solar air heater was
110.6 °C at an airflow rate of 0.002 kg/s.

Joo et al. [23] experimentally examined three different PVT mod-
ules: a glazed PVT module with a transparent film, a glazed PVT module
with glass, and an unglazed PVT module with glass. The glazed PVT
module with a transparent film achieved maximum efficiency of
approximately 71.1 %. Additionally, it was observed that 8187.1 kWh of
heat and 4430.1 kWh of electricity could be obtained with the PVT
system integrated into the roof. Hamada et al. [24] analyzed the per-
formance of a photovoltaic thermal system with three different
water-based absorber designs. In the proposed system, the maximum
total efficiency was 69.6 % at a water flow rate of 3 L/min. Emam et al.
[25] investigated an innovative water-based PVT system combined with
phase change material. As a result, a decline in PVT cell temperature of
up to 8.3 °C, an enhancement in electrical efficiency of up to 13.3 %, and
an increase in power output of up to 15.9 %. Zareie et al. [26] numer-
ically examined 15 different roll bond designs in the PVT system. The
optimum electrical and thermal efficiency of PVT was 17.75 % and
61.86 %. Arslan et al. [27] numerically and experimentally studied new
air-cooled PVT with copper fins with variable airflow. The average
thermal, electrical, and exergy efficiency of PVT were obtained as 32.71
%, 12.77 %, and 12.97 %. It was concluded that as the voltage of the fan
increased, the thermal and electrical performance was also enhanced.
Khelifa et al. [28] numerically investigated the cooling of a PVT col-
lector consisting of fins attached to aluminum tubes with both water and
air. It was observed that thermal and electrical performance improved as
the number of fins increased from 20 to 40 in this bifluid system. The
best thermal efficiency was achieved as 54.25 % at a water flow rate of
0.01 kg/s and a design with 40 fins.

Based on this brief literature review, even though some research has
been conducted on air-based PVTs, there still needs to be more compact
design, high efficiency, and applicability in buildings. Therefore, in this
study, a newly compact design is described and evaluated to enable the
production of heat and electricity for buildings. The following
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TESTING &
ANALYZING

Fig. 1. Structure of the main steps of the study.

contributions are performed in this article.

e A new air-based PVT design with a perforated copper plate is
proposed.

e A new temperature control with a variable air volume collector has
been designed to adjust the flow rate of the fans depending on the
back surface temperature of the PV.

e A numerical model is developed and validated to examine how to be
homogeneously in the PVT’s airflow.

o The experimental analysis of the PVT is conducted using numerical
analysis.

The variable air volume control recommended in the study
constantly changes the fan speed according to the collector surface

temperature. This developed control algorithm aims to cool the PV
collector with lower fan power. Thus, less energy is consumed in cooling
the PV collector than fan systems that cool with constant speed and
power. The current research with a new design offers it to maximize
energy utilization efficiency and reduce thermal losses in PVTs. Fig. 1
indicates the main steps of this study. Firstly, a numerical analysis of the
proposed PVT system was carried out. Then, it was manufactured and
tested experimentally. Detailed information about numerical analysis
and experimental studies was given in the Material and Methods section.
The Results and Discussion section discussed the obtained numerical
and experimental findings. Finally, the results of the study are summa-
rized in the Conclusion.
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(a)

(b)

Fig. 2. Representation of geometry: a) non-perforated collector geometry and b) perforated collector geometry.

(4

Fig. 3. Measurement of collector and fin structure.

2. Material&Methods

In this study, two different designs were made with two copper plates
behind the PVT. These copper plates are designed to be perforated and
non-perforated. First, a numerical analysis of these designs was carried
out to observe the speed and temperature distributions of the air
entering the collector. Then, the experimental setup was manufactured
according to the results of the numerical analysis. The proposed PVT was
performed experimentally for three days.

2.1. Numerical analysis

2.1.1. Creation of geometric structure

This study employed numerical analysis to investigate airflow anal-
ysis in photovoltaic/thermal systems. The numerical analysis was con-
ducted using the Ansys program. The CFX module, comprising
numerous sub-modules dedicated to computational fluid dynamics, ex-
hibits several advantages over alternative modules. These advantages
encompass a user-friendly interface, domain determination capabilities,
and accommodating diverse turbulence models. The CFX module was
chosen as the preferred method for conducting numerical analysis in this
studydue to its numerous advantages. The geometry of the collector was
created using the “Design Modeler” program, a subprogram of the Ansys
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Fig. 4. The mesh structure of the geometry: a) non-perforated, b) perforated.

Table 1

Thermophysical features are required for numerical analysis.
Parameters ¢p (J/kgK) p (kg/m%) k (W/mK) & (mm)
Air 1004.4 1.19 0.0261 125
PV Module 668 2331 148 0.15
Cooper Fins 385 8933 401 1
Insulation 880 15 0.041 50

program. The structure of the collector is depicted in Fig. 3.

2.1.2. Fin structure

The numerical analysis considered two distinct scenarios (Fig. 3). In
the initial scenario (Fig. 2a), the outcomes were acquired in the absence
of copper fin drilling, while in the subsequent scenario, the outcomes
were obtained through fin drilling. In the second scenario, five elliptical
apertures, measuring 2.5 cm in width, 4 cm in length, and spaced 10 m
apart, were perforated into the copper fins (Fig. 2b).

2.1.3. Mesh structure

Mesh structure creation refers to partitioning a geometric structure
based on the number of elements and nodes present. According to
Ref. [29], a positive correlation exists between the number of elements
or nodes and the accuracy of the results. Utilizing mesh elements of
smaller sizes close to the wall yields favorable resolution in capturing
the boundary layer and temperature field gradients. This holds partic-
ular significance for inflows encompassing a natural convection
boundary layer. The mesh structure of the system is depicted in Fig. 4.
Upon completion of the construction, the suitability center determined
that “Fine” was the preferred option, while “medium” was chosen to
mitigate the size.

2.1.4. Initial and boundary conditions

In all experiments, the temperature of the air entering the collector
was chosen as 25 °C based on numerical analysis. A solar irradiation
value of 565 W/m? was selected for the collector surface, representing
Ankara’s annual average irradiation value. The source of this value is
Tiirkiye Global Irradiation Values [30]. Table 1 presents the thermo-
physical properties necessary for numerical analysis, with the fins being
selected as copper material. The collector’s sides were selected as
adiabatic walls. The PV module surface was designated as the “heat flux”
surface, while the remaining surfaces were designated as “wall” surfaces
and selected using adiabatic methods. A “no slip condition” was
implemented on all walls. The uniform application of the mass flow rate
was observed in the inlet area. Zero is introduced as the average static
pressure in the outlet section.

—~ 21

@) /|
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= 20
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= 19

B=|

<

o 18

= == Qutlet air temperature

8 1 — Experimental outlet air temperature

7922 11369 14202 20486 25278 31499 37371 41196 45309
Mesh number

Fig. 5. Mesh independence test.

2.1.5. The procedure of Ansys solution

The numerical study was conducted with initial and boundary con-
ditions to ensure that the air inlet and ambient air temperatures were
equal. The pressure at the edges before opening is measured to be
101325 Pa. The working fluid is air, the collection is thought of in three
dimensions, and steady-state conditions are used. The solar irradiation
stays the same, and the flow is rough. The convergence of the velocity
components for their “residuals” is taken as 10E-6 in the continuity
equation. A finite volume algorithm and a second-order upwind scheme
were chosen to solve the main equations (continuity, momentum, en-
ergy). The SIMPLE algorithm was chosen to discretize the governing
equations. The main equations, including fluid continuity (Eq. (1)),
momentum (Egs. (2) and (3)), and energy (Eq. (4)) equations, were
chosen to test the suitability and applicability of the model regarding
their motion.

Continuity equation:

dp/ot+V(pv)=0 m
Momentum equations:

(9(pw)) / 0t + V (puV) = -dp/dx + pV (V) + pg: @)

(3(pv) / 9t +V(pvV) = -0p [ ox + w9 (V) + g, ©)

Energy equation:

(pcp(dT / dt+ VTV)) =V (VKT) “@

2.1.6. Mesh independence test

To conduct numerical analysis in the study, it is necessary to ascer-
tain the optimal mesh number. In the present study, the analysis of mesh
numbers 7922 — 45309 led to the identification of the optimal mesh
number as 45309. Numerical and experimental results of outlet air
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Fig. 6. Design and assembly of absorber plate. 1: Monocrystalline PV collector, 2: Pyranometer, 3: Fan group, 4: Data logger and control board, 5: NTC temperature

measurements, 6: Platform, 7: Ambient air inlet, 8: Indoor air outlet.

temperature are given in Fig. 5. While the outlet air temperature in
perforated PVT was measured as 20.9 °C in the numerical study, this
value was measured as 20.4 °C on average in the experimental study.
Numerical study was carried out with a 2.4 % error approach.

2.2. Experimental set-up

2.2.1. Design of the absorber plate

Based on the numerical analysis in Section (3.1), the usage of
perforated structure resulted in a 13.2 % enhancement in thermal effi-
ciency and a 0.19 % improvement in electrical efficiency. According to
numerical analysis, electrical and thermal efficiencies of the perforated
fin collector are higher than those of the unperforated collector. So, the
perforated fin structure is applied to PVT system.

Novelty of this study is the absorber plate design. The absorber plate
design of the air source PVT was specially manufactured for the system
from copper material with a surface area of 0.085 m?. Two pieces of 950
x 100 mm? dimensions were manufactured and mounted back of the PV
system, creating a contact surface area of 0.019 m?, as seen in Fig. 6.

Airflow diagram and temperature measurement points in the PVT
design are shown in Figs. 7 and 8. Air tightness was achieved between
the absorber plate by closing the back surface of the PVT design. It was
installed to allow external air movement into the system through the
300 mm gap between two absorber plates, to the PV rear surface and the
absorber plate surface. Fresh air entered from the middle point of the
PVT. It was designed to return through the 5 vents created on both
absorber plates and the 200 mm gap left at the end point of the absorber
plate. The fresh air was discharged to the outside by drawing the heat
load from the PVT through the 185 mm gaps on both sides of the inlet
point. The air discharge point of the PVT was designed, as shown in
Fig. 7, to be directed opposite the air suction point of the fans to avoid

loss of efficiency in the PV system.

2.2.2. Description of PVT

In this study, the PVT was designed with special copper plates and a
monocrystalline structure with 36 cells. A new design model was
developed using a PV collector of 1150 x 670 x 30 mm dimension, two
fans measuring 120 x 120 mm with 12V output, and a control collector
that adjusts the fan speed by recording and processing the data received
from the sensors. The equipment used in the PVT and their features are
given in Table 2.

2.2.3. Design of the control board

A control board and datalogger topology, shown in Fig. 9, were
developed to record the data of the PVT and control the cooling fan
velocity. This control board and datalogger can measure the voltage,
current, and surface temperature of the PV collector, solar irradiation,
temperatures in the air tunnel, and ambient relative humidity. The
developed board contains a Li-ion battery with a capacity of 22.2 V 10
Ah. This battery provides power supplies for all units in the PVT. Thus,
measurements of the PVT system were carried out independently of the
grid. Direct current (DC)/DC converter circuits are at terminals of the Li-
ion battery output. These DC/DC converter circuits can output different
voltages required by the control boards, fans, and sensor converter units.
It used 12-bit ADC resolution control cards with two STM32F103C8T6
processors on the control and data logger board. A total of 20 different
sensor data can be measured with these two boards. Control boards
record the measured data onto secure digital (SD) cards every minute.

Solar irradiation was measured with the Kipp&Zonen brand SMP22
pyranometer model. The current of the PV collector was measured with
a LEM brand LA 200-P hall-effect sensor. The negative temperature
coefficient (NTC) type is preferred for temperature probes. Temperature
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Air Flow Diagram

PVT PVT
Output Output
Air / Hot Air / Hot
Air Air

Outside Air Inlet

Fig. 7. Airflow diagram of PVT system.

and relative humidity measurements of the environment were carried
out using humidity and temperature sensors of the Notion Control
brand. Two 12 V 0.6 A brushless fans were used to cool the PVT. All
measurements made with the control and datalogger card were
confirmed with calibrated measuring devices. Fig. 10 shows the
photograph of the control card and datalogger circuit board developed
for the PVT.

2.2.4. Experimental procedure

This study conducted three consecutive experiments in February
2024 at 39.93° North latitude and 32.86° East longitude. The experi-
ment performed on the first, second, and third days were named
Experiment 1, Experiment 2, and Experiment 3, respectively. The ex-
periments started at 10:30 a.m. and continued until 3:30 p.m. Mea-
surements were recorded by the datalogger every minute from the
points shown in Fig. 8.

In this study, the temperature of the PV collector is measured with
the T; temperature probe placed on the back surface of the PV. For the
PV collector to work efficiently, the temperature of the PV collector is
controlled at a temperature of 25 °C. In conventional PVT cooling sys-
tems, the surface temperature of the PV collector is cooled by fans with a
constant flow rate. Although a low-flow airflow is required for the PV
collector, the fan is constantly operated at a steady speed in constant-
flow cooling systems. In this case, while a low-power fan is needed for
cooling, the cooling process is carried out with excess energy. This study
provides cooling at different fan speeds with 5 °C intervals between the
PV collector surface temperature from 25 to 40 °C. Thus, cooling is
carried out at low fan power in cases of low cooling need, and in cases
where high heat is required, cooling is carried out at high fan power. The
originality of this study is provided by the temperature controlled with
variable air volume for the PV cooling feature. For this purpose, the PVT

Temperature Measurement Points

Fig. 8. Temperature measurement points of PVT system.

system’s electrical and thermal efficiency was contributed. The fan
started working when the temperature value from point T; exceeded
25 °C. It operated by increasing the fan speed until the temperature
reached 40 °C. The PV collector cooling fan is operated at four different
speed levels: 1.5 m/s, 2.2 m/s, 2.9 m/s, and 3.6 m/s, with the temper-
ature control algorithm, depending on the surface temperature. The
control board shown in Fig. 10 was designed specifically for this PVT,
and the measurements were controlled throughout the experiment.

2.2.5. Theoretical analysis

Its efficiency can be calculated to analyze the proposed PVT collec-
tor’s performance. The efficiency of the PVT collector is the sum of
electrical (7,;) and thermal (7,5,) efficiencies. The overall efficiency of the
PVT is below:

Npyr = N Him 5

The electrical efficiency of the PVT collector can be explained as the
ratio of the electrical output power of the PV module (P4, W) to the
collector area (A, m?) and solar irradiance (Sirrs W/m?). Here, P is the
product of the current (I,or, A) and voltage (Viuay, V) values measured
from the PV module. The electrical efficiency of the PVT collector is
given as [31]:

Na = AS,, AS,, (6)
Thermal efficiency is the ratio of useful energy (Q.u7 W) to collector area
(A, m?) and solar irradiation (S, W/m?), and thermal efficiency of the
PVT can be defined as [32]:

N = ASy, @
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Table 2
Features of the equipment used in the PVT system.
Equipment Features
PVT Collector Power Number of the cell Cell type Tolerance
145 W 36 Monocrystalline +5 %
Temperature Sensor Type Accuracy Resistance value at 25 °C Operating temperature range
NTC +0.1 °C 10 KQ +1 % —30°Cto +105°C
Cooler Fan Voltage Current Dimensions Speed levels (4)
12V 0.58 A 12 x 12 x 2 cm 1.5 m/s, 2.2 m/s, 2.9 m/s, 3.6 m/s
Pyranometer Measurement range Accuracy Sensitivity Nonlinearity (0-1000 W/m?)
0-2000 W/m? < 45 W/m? 5-20 pV/W/m? <1%
Thermohygrometer Temperature range Temperature accuracy Relative humidity Relative humidity accuracy
—20to 55 °C +0.4°C 0-100 % +2 %
PVT back surface cladding/insulated Cladding material Insulation material Area Thickness
Aluminum sheet 2.5 m? 1.67 m? 20 mm
Copper Plate Total area Dimensions Thickness Contact surface area
0.085 m? x 2 950 x 100 mm x 2 2 mm 0.019 m? x 2
Relay
Outputs DC/DC
BN _e=" Lo converters
N rd
\ , ’ (
\
Fans \ ,/ So 22.2V, 68, 10Ah
\ ]
-_—-- \ ]
RN | |
\Ch, !Ch; !
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2
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Fig. 9. Control board and datalogger circuit topology of the PVT system.

The useful energy here is expressed as follows: .
Mair = P girVair Agir

Qu = muir Cp air (Tout‘Tin)

(3

)]

In equation (8), mgr (kg/s), ¢par (J/kgK), Tjp (K), Toy: (K) describe the
mass flow rate of air, the specific heat of the air, the temperature of the
air entering the PVT collector, and the temperature of the air leaving the
PVT collector, respectively. The mass flow rate consists of the density of
the air (p, kg/s), the velocity of the air (vqr, m/s), and the cross-
sectional area (Agy, m%) through which the air flows and is shown as
follows [33]:

The specific heat of air can be calculated by the following formula,
where T, (K) is the ambient temperature [33]:

Cpair = 1009.26-0.0040403T, + 0.00061759T,%-0.0000004097T,*
(10)

The input (Ex7i,,, W) and output (Eyout, W) exergy supplied from solar
energy can be defined as [33]:
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4T\  1(T.\*
Brin=ASi |12 (22) + (22 11
s [14(2)3(2)] an
Ex,om: Q.loss (1' Ta ) (12)
Tcell

T, (K) in Equation (11) is the temperature of the sun (5770 K), T..; (K)
in Equation (12) is the cell temperature of the PVT collector, and Quoss
(W) is the heat loss. Exergy balances are explained in the following
equations [33]:

Z Ex,d = Z Ex,in' Z Ex,ou[ (13)
D Eca=> Ecin- Y (Econ+Expv) (14

Bon= Qu(l-T“) as)
’ Tou
E.py=n,AG|1 i E +1 E ) ae)
Py =M 3\T.) "3\T,
Ecpvr =Exm + Ecpv a7

E.q (W) is exergy destruction and the exergy efficiency of the PVT
collector [31]:

1 Bxd_ Bxou (18)

flex = En  Exin

The annual amount of energy produced by the PVT system was
calculated by taking an average of 7.5 h of solar irradiation per day.
Electricity and natural gas prices were accepted as 0.07 $/kWh and 0.19
$/m3. In all calculations, the amount spent for the accumulator, charge
controller, converter, and other equipment and the entire system is
determined as 65 $. The equations were used to calculate the annual
amount of electricity produced and the amount that would be consumed
if natural gas was used to meet the consumed power.

AC, =W x N x ET 19)
ACy =M x N x NT (20)

In Equations (19) and (20), W is the power consumption, N is the daily
working time in a year, and ET and NT are the unit price of electricity
and natural gas. The payback period (PP) of the PVT system is defined as
the ratio between the total investment cost (TIC, $) and AC;yt (AC1 +

b)

Fig. 11. PV surface temperature and velocity distribution of non-perforated collector: a) temperature, b) velocity.
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b)

Fig. 12. PV surface temperature and velocity distribution of perforated collector: a) temperature, b) velocity.
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Fig. 13. Graphs of the ambient characteristics during three-day experiments,
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AC,, $/year) and is expressed as follows [34]:

_TIC
ACtotal

PP (2D

In experimental studies, the uncertainty arising from measurements or
measuring devices must be determined. R is the quantity to be measured,
the independent variables affecting the R quantity are expressed as x,
X2, X3, ... Xp, and the error rates of each independent variable are
expressed as wi, wa, ws, ... wy. Uncertainty analysis (Wg) can be
computed with the following equation [35]:

RN (RLN (RN
ox, oxy * ox, "

3. Results&Discussion

W= (22)

3.1. Numerical results

The achieved numerical findings of the PV surface temperature and
velocity distribution of non-perforated and perforated collector designs
are illustrated in Figs. 11 and 12. While the temperature contours can
give a general view of the heating process of flowing air inside the
collectors, the velocity contours can show the vortex region created by
the airflow. The temperature difference between the temperature of the
fluid sent to the PV collector for cooling purposes and the collector
surface temperature is at its highest value at the PV air inlet point. As the
air flows in the collector, this temperature difference decreases, and heat
transfer also decreases. It is known that the PV collector cannot be
cooled at points close to the air outlet. For this purpose, in this study,
cold air was blown onto the PV collector from the middle point and
flowed to the right and left at the top. In addition, air flows from the
holes to the right and left from the middle point, and therefore vortexes
were formed at the hole exits and the upper right-left points where the
turns in this flow occur, which contributed to the increase in heat
transfer in the PV collector. These vortexes are in a structure that will
eliminate the reduction of dead zones in the PV collector. With the
perforation of the fins, the air accumulated in the middle is transferred
to the sides. In addition, airflow is provided to the sides of the perforated
collector of the velocity vectors. Thus, the large vortex formed on the
side of the winglets the gap in Figs. 11 and 12 was prevented. According
to the numerical results obtained based on the PV surface temperatures
in the collector with perforated and non-perforated fins, results were
obtained with an error of 0.05 % and 0.06 %, respectively. As can be
seen clearly in temperature and velocity contours, it is seen that a weak
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Fig. 14. Graphs of changes in the PVT internal temperature points for three
different experimental days: (a) Experiment 1, (b) Experiment 2, and (c)
Experiment 3, respectively.

Table 3
The avarage temperature PVT collector back surface.
.0 T3¢0 T,00 Ts(¢Q T Q) T, (°Q)
Experiment 1 15.95 19.73 19.18 18.51 18.79 18.29
Experiment 2 17.06 20.44 20.36 20.26 19.67 19.65
Experiment 3 17.63 20.9 21.12 20.82 20.31 20.32

airflow occurs in the non-perforated collector, and a more homogeneous
cooling is achieved in the perforated collector.

3.2. Experimental results

The experimental examinations were performed over three consec-
utive days (Experiment 1, Experiment 2, Experiment 3) in February
(winter conditions) to test the PVT’s electrical and thermal performance.
Fig. 13 depicts ambient characteristics and the system’s performance,
assessed when the PVT showed how the environmental parameters
(solar irradiation, ambient air temperature, and relative humidity)
change during the day. While solar irradiation values indicated similar
values in Experiment 2 and Experiment 3, fluctuations were observed in
Experiment 1 due to cloudiness. Solar irradiation values varied between
355.64 and 1154.28 W/m? in Experiment 1, 767.71 — 1170.46 W/m? in
Experiment 2, and 794.26 — 1120.04 W/m? in Experiment 3. The
average ambient air temperature and relative humidity values were
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Table 4

Boundary conditions for fan speed levels.

Parameters  Air velocity (m/ PVT surface temp. T, Air flow rate (m®/
s) (@] h)

Level 1 1.5m/s 25°C-30°C 121.0

Level 2 2.2m/s 30°C-35°C 177.4

Level 3 2.9m/s 35°C-40 °C 230.4

Level 4 3.6 m/s Above 40 °C 291.6
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Fig. 16. Variation of electrical efficiency values of PVT depending on time.

recorded as 16.0 °C, 17.63 °C, 18.83 °C, 38.03 %, 34.19 %, and 28.43 %
for three cases, respectively.

Fig. 14 illustrates the temperature values measured from the internal
temperature points of the PVT. The measurement points of the ther-
mocouples are indicated in Fig. 8. The average temperature values of T,
Ts, T4, Ts, Te and T7 were measured and given in Table 3 for Experiment
1, Experiment 2, and Experiment 3. T, temperature was lower in all
three experiments because that is the temperature of fresh air entering
the PVT. The instantaneous maximum temperature value was observed
as 23.83 °C at T3 temperature at the 120th minute in Experiment 1.

The operation of the fan was adjusted according to the value of the T}
thermocouple on the back surface of the PVT. The fan started to operate
when the temperature value of T; exceeded 25 °C and continued to work
until it reached 40 °C. The fan’s speed also increased according to the
rise in temperature on the PV back surface. The change of T; tempera-
ture throughout the experiment for all three experiments is given in
Fig. 15. In Experiment 1, fluctuations in temperature values were also
observed depending on the fluctuation in solar irradiation. In the same
order, average T; temperature values were measured as 33.16 °C,
37.14 °C, and 37.3 °C for Experiment 1, Experiment 2, and Experiment
3. Also, the maximum and minimum values are 40.74 °C, 18.87 °C in
Experiment 1, 41.54 °C, 20.47 °C in Experiment 2, 40.93 °C, 21.13 °Cin
Experiment 3. In Experiment 1, after the 280th minute, the T; temper-
ature value suddenly decreased due to the drop in solar irradiation. With
the developed PVT design with a variable air flow rate, the back surface
of the PVT could be successfully cooled. In this study, the collector was
cooled effectively according to the required temperature ranges without
increasing the fan power.
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Table 4 gives the boundary conditions for fan speed levels. In the
experiments, the air flow rate was increased or decreased depending on
the PVT back surface temperature. As seen in Fig. 15, the fan flow rate
varied according to PVT back surface temperature. Therefore, the tem-
perature changes given in Fig. 14 (a) occurred due to the changing air
flow rate in the system. Depending on the amount of solar radiation, the
heat flux in the PVT collector and the fan flow rate changed according to
the temperature ranges given in Table 4, and temperature fluctuations
were observed during the experiments.

The change in electrical efficiency of the cooled collector at different
air flow rates is shown in Fig. 16 as a function of time. Electrical effi-
ciency values varied between 1.6 and 17.62 % in Experiment 1, 13.92 —
16.50 % in Experiment 2, and 2.32 — 16.64 % in Experiment 3. Average
values were obtained as 13.42 %, 15.63 %, and 15.31 % for three cases,
respectively. As seen in Fig. 16, it is seen that the collector generated
electrical power without large changes in Experiments 2 and Experiment
3 depending on the variable air flow rate. Fluctuations in the electrical
efficiency in Experiment 1 were also observed depending on solar irra-
diation. According to experimental results, solar irradiance and effi-
ciency had a linear relationship. Electrical efficiency is a function of
measured solar irradiance and electrical output power.

Thermal efficiency values obtained from the PVT throughout the
experiments are shown in Fig. 17. Thermal efficiency indicates the PVT’s
thermal performance and is related to solar irradiance, ambient tem-
perature, and relative humidity. The PVT’s average thermal efficiency
for three cases was calculated as 35.41 %, 28.39 %, and 21.78 %,
respectively. The highest thermal efficiency was 76.73 % at the 118th
minute in Experiment 1.

The maximum transfer of electrical power produced by the proposed
PVT collector to the load can be evaluated with Maximum Power Point
(MPP). PVT collector’s MPP varies depending on many factors such as
solar irradiation, ambient temperature, and solar cell temperature.
Fig. 18 depicts the maximum power point of the PVT collector. In
Experiment 1, fluctuations are observed depending on solar irradiation.
The highest instantaneous PVT collector’s MPP was achieved as 136.92
W in Experiment 1. The average PV collector’s MPP was obtained as
86.31 W, 116.2 W, and 111.5 W in Experiment 1, Experiment 2, and
Experiment 3, respectively.

Fig. 19 demonstrates the cooling fan velocity values of the PVT
system during three experiments. The surface temperature of the PVT
collector exceeded 25 °C, the fan started to operate. As the temperature
rose, the fan velocity increased, providing effective cooling. This study
provided the temperature control algorithm with the designed PVT
system’s control board. According to Fig. 19, the fan velocity varied
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Fig. 20. The 25-year depreciation graph of the PVT system.
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Table 5
Comparison of PVT collectors in this study and the literature.
Authors Location Season Working Solar irrad. (W/m?) Thermal efficiency Electrical efficiency Explanation
fluid
Hazami Tunisia Summer  Air 380-1070 50 % 15 % Max. exergy of thermal and
et al. [40] electrical efficiency 50 % and
14.8 %, respectively.
Pang et al. China - Air 743 53.08 % 13.67 % Experiments were carried
[41] laboratory conditions and
generated power of the PVT
was increased by cooler
circulation.
Fterichetal.  Tunisia Spring Air 800 42.50 % - They noted that increasing
[42] cell temperature has an
undesirable effect on
electrical efficiency.
Ahn et al. South Winter Air 700-1050 23 % 15 % Efficiency of the PVT with
[43] Korea heat recovery was found to be
38 %, while the efficiency of
the ventilation with heat
recovery increased to 20 %
with the preheating air from
the PVT.
Mojumder Malaysia - Air 700 56 % 13.75 % As the mass flow rate
et al. [44] increased (0.02-0.14 kg/s)
thermal efficiency increased
from (37.82-56.19 %).
Zabihi Iran Summer  Water - 37 % 14.84 % They saw that the average
Sheshpoli total efficiency goes up to
et al. [45] 51.76 % when the flow rate is
at its highest.
Saygin et al.  Tiirkiye Summer  Air 660.6 48 % 7.7 % There should be 3 cm of space
[46] between the glass covering
and the collector for the best
thermal efficiency. There
should be 5 cm of space
between them for the best
electricity efficiency.
Ozakin and Tiirkiye Summer  Air 950-1000 59 % (polycrystal collector) - To increase heat transfer and
Kaya [47] and 48 % (monocrystal provide more efficient
collector) cooling, cylindrical aluminum
fins have been placed to the
air cooling channel.
Ozakin and Tiirkiye Summer  Air - For the monocrystal collector, For the monocrystal collector, For the monocrystal collector,
Kaya [48] sparse and frequent fin sparse and frequent fin it is concluded that the ideal
configurations are 61.4%-— configurations are 11.87%-— fins number is 55 for copper
65.4 % and 79%-83.4 % for 12.63 % and 12.91%-13.94 %  and aluminum and 27 for
copper fins, respectively, for copper fins, respectively, brass. For polycrystal penel,
57.9%-60.7 % and 64-65.8 % 11.32%-11.94 % and both thermal and exergy
for aluminum fins, 54.5%-57 11.96-12.6 % for aluminum efficiencies for frequent
% and 59-63 % for brass fins fins, respectively, 10.88%-— configuration brass fins were
respectively. For the 11.02 % and 11.05-11.41 % lower than those for sparse
polycrystal collector, sparse for brass fins respectively. For configuration.
and frequent fin configurations  the polycrystal collector,
are 59.7%-63.2 % and 71.4%—  sparse and frequent fin
75.5 % for copper fins, configurations are 11.6%-—
respectively, 56.2%-58.8 % 12.35 % and 12.5%-13.47 %
and 57.5-59 % for aluminum for copper fins, respectively,
fins, respectively, 52.7%-54.5 11.24%-11.85 % and
% and 50.6-53.5 % for brass 11.53-12.3 % for aluminum
fins respectively. fins, respectively, 10.80%-11
% and 10.87-11.23 % for brass
fins respectively.
Alfegi et al. Malaysia - Air 400 17%-26.43 % 10.50%-12.09 % Compound parabolic collector
[49] and fins have a potential to
significantly increase in
power production and reduce
the cost of photovoltaic
electricity.
Priyam and India Spring Air 858.3-872.29 70 % - It is concluded that the wavy
Chand fin solar air heater with the
[50] lowest fin spacing (2 cm)
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performs better than higher
fin spacing (6 cm) due to the
enhanced heat transfer area
by narrowing the channel.

(continued on next page)
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Authors Location Season Working Solar irrad. (W/m?) Thermal efficiency Electrical efficiency Explanation
fluid
Chand et al. India Winter Air 565.66-866.37 70 % - The results indicate that
[51] thermal efficiency increased
with increasing flow rate,
thermal efficiency, and outlet
temperature obtained a
maximum of 70 % and
58.66 °C, respectively, for
spacing of 2 cm.
Chabane Algeria Air For a flat-plate; With fins 40.02%-51.50 %, - The highest collector
et al. [52] 895-900 for solar without fins34.92-to 43.94 % efficiency and air temperature
collector with fins; rise were achieved by the
753-755 finned collector with a tilt
angle of 45°. In contrast, the
collector obtained the lowest
values without fins.
This study Tiirkiye Winter Air Exp.1: Exp.1: Exp.1: The highest thermal efficiency
355.64-1154.28 43.68 % 13.42 % was realized in Experiment 1
Exp. 2: Exp. 2: Exp. 2: and the highest electrical
767.71-1170.46 38.98 % 15.63 % efficiency in Experiment 2,
Exp. 3: Exp. 3: Exp.3: depending on the experiments
794.26-1120.04 34.52 % 15.32 % performed under different

days and conditions and the
air volume varying according
to the PVT surface
temperature. The system’s
electrical efficiency was kept
constant with very low
percentage differences
throughout the experiments.

between 0 and 3.6 m/s in Experiment 1, Experiment 2, and Experiment
3. In the experiments, it was seen that successful control was achieved by
saving fan power with variable air volume management compared to the
constant airflow system. In Experiment 1, it was seen that the fan ve-
locity decreased when solar irradiation was low because the low solar
intensity caused a decrease in the PVT collector surface temperature.

In addition, the uncertainty values were calculated as +1.04 % for
solar irradiation, +2.3 % ambient relative humidity, +0.43 °C temper-
ature, and +0.14 °C for ambient temperature measurements.

The 25-year depreciation graph of the PVT system in this study is
given in Fig. 20. The payback period was calculated by taking the
average of the electricity and heat power obtained for all three experi-
ments. As can be seen from Fig. 20, the payback period of the proposed
PVT system was 6 years. It is seen that the system has become expo-
nentially profitable since the 6th year. Consequently, this PVT system
has achieved an efficient and sustainable eco-design.

According to the numerical findings, perforated copper plates
showed good results regarding heat dissipation in the PVT. T; temper-
ature was found to be 33.2 °C in the experimental study and 32.9 °C in
the numerical study. The difference is calculated as 0.911 %, which is an
acceptable level and shows that the results of the experimental study and
the numerical study are compatible. For this reason, it was manufac-
tured and tested with a perforated copper plate. The experimental re-
sults of this design tested in winter conditions are compared with the
results of another research in Table 5. Various studies on the cooling of
PVTs in the literature are presented in Table 5 and in addition to these
studies, the experimental results of the realized design are also added to
table. A successful design was performed when the results were
compared with those of other studies.

T; temperature was found to be 33.2 in the experimental study and
32.9 in the numerical study. The difference is calculated as 0.911 %,
which is an acceptable level and shows that the results of the experi-
mental study and the numerical study are compatible.As a result of the
exergy calculations, the average exergy efficiency of the PVT system was
calculated as 28.02 % for Experiment 1, 30.67 % for Experiment 2, and
30.61 % for Experiment 3. The total average exergy efficiency was
calculated as 29.77 %. When the studies were examined, Ahmadinejad

14

and Moosavi [36] determined the exergy efficiency as 19.65-29.82 %,
Unal et al. [37] 27.40 %, Ishak et al. [38] 12.64 % and Tirupati Rao et al.
[39] 21.15 %. Accordingly, the exergy efficiencies of the studies are
consistent with the literature.

In the literature, the studies on this subject were conducted with
constant air volume and there needs to be more literature on using
variable air volume. The gap in the literature is filled in this study where
temperature-dependent variable air volume is used. By using variable
air volume, efficiency is achieved compared to the system with a con-
stant air flow rate, and the thermal energy produced increases as the
PVT collector heats up. The increase in temperature with solar irradia-
tion leads to a decrease in the PVT collector’s efficiency. With
temperature-controlled variable air volume for cooling the PV, the PVT
collector is cooled without excess air, and no air is sent if the PVT col-
lector is cold. In this way, in addition to generating thermal energy and
electrical energy, carbon emissions emitted to the atmosphere are also
reduced. This study presented a structure that will simplify the use of
buildings. This design meets the criteria of net positive carbon, ecolog-
ical footprint, and green manufacturing, which are required in an eco-
design due to reducing carbon emissions.

4. Conclusion

A new PVT consisting of two perforated copper plates was designed
and tested within the research context. With 5 vents on the perforated
copper plates, fresh air was successfully distributed homogeneously in-
side the PVT. In addition, with the control panel designed for this sys-
tem, the fan’s speed changed according to the temperature, and the
measurements were recorded every minute. The key numerical and
experimental findings can be summarized as follows.

e According to numerical results, the difference between the numerical
study and the experimental study is calculated as 0.911 %. This is an
acceptable level and shows that the results of the numerical study
and the experimental study are in compatible.

e As a result of experimental findings, the PVT internal temperature
value achieved a maximum of 23.83 °C in winter.
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e It was observed that the average electrical and thermal efficiency of
PVT varied between 13.42 % - 15.63 % and 34.52 %-43.68 %.
Moreover, the average exergy efficiency of the PVT was obtained as
29.77 %.

e In the proposed PVT system, the maximum MPP was obtained as
136.92 W.

e The system’s payback period was calculated as 6.1 years. Conse-
quently, a significant profit can be achieved in 25 years.

The proposed PVT system, which can be integrated into buildings,
will support meeting heat and electrical energy. It is a system design
recommended for using renewable energy technology in buildings,
especially when green manufacturing is considered. This study presents
an eco-design with a PVT design that can benefit from solar energy to the
maximum efficiency even in winter conditions.
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