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Abstract 

The most basic requirements of the facilities in which we spend nearly all of our time 

are for electricity and heat. It is critical, especially in cold climate regions, that both 

electrical energy and heating energy needs are met by the same system. The use of 

photovoltaic (PV) energy is rapidly expanding. Photovoltaic panels can convert solar 

energy into electrical energy with less than 20% efficiency. Solar energy applications 

include photovoltaic-thermal (PV/T) collectors that can be installed on building 

facades or used as building envelopes. Solar energy is used to generate both electric 

and thermal energy needs with this collector. Off-grid photovoltaic panels and some 

types of flat-plate solar air collectors have been considered in our work. An 

experimental setup and a measurement system have been constructed to investigate 

the behavior of the air-based photovoltaic-thermal collector. This measurement 

system, sensors that collect data, and a data storage unit that can communicate 

temperature, humidity, and radiation data to the computer at the specified frequency 

comprise the experimental setup. The efficiencies of the PV and the solar air collector 

were calculated individually to estimate the performance of the air-based PV/T 

collector. Calculation criteria and a model have been developed to determine the 

performance of this collector. The problem was viewed as time-dependent under 

irregular settings when developing this model. The theoretical analytical model 

developed to determine the performance of the air-based PV/T collector was 

evaluated using Izmir’s, a city in the west of Türkiye, winter climatic conditions. As 

a result of the studies carried out to determine the experimental performance of the 

PV/T air collector developed within the scope of the study, the thermal efficiency of 

the system reached up to 35% and the electrical efficiency reached 19% during the 

winter months. As a result of comparing the results obtained from theoretical and 

experimental studies, max. It has been determined that there is an error of 0.12%. 
 

Nomenclature  Greek letter 

A          Area [m]  η Efficiency [%] 

Cp Specific heat [kJkg-1K-1]  λ Thermal conductivity [Wm-1K-1] 

h Heat transfer coefficient [Wm-2K-1]  α Absorptivity [-] 
I Solar Radiation [Wm-2]  τ Transmission [-] 
L Thickness [m]   
m Air mass [kgs-1]   
q, Q Thermal Heat [kJ, W]   
T Temperature [°C, K]   
t time [h]   
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Subscripts 

β Tilt PV Photovoltaic 

a Ambient rad Radiation 

b Bottom ref Reference 

c Cell t Top 

conv Convective T Total 

f Fluid ted Tedlar 

g Glass th Thermal 

1. Introduction 

PV/T systems have been created in many forms and 

structures depending on the intended purpose of 

reducing temperature buildup in solar cells [1]–[4][. 

PV/T air collector systems, which can be integrated 

into building solar façades or used as building shells, 

are a novel type of solar application. In general, the 

goal of these applications is to create both electrical 

and thermal energy from solar energy while also 

meeting the energy demand of buildings [5]–[9]. 

Solar cells convert some of the solar energy 

they absorb into electrical energy, but the majority of 

it turns into heat energy, increasing cell temperature 

and lowering electrical efficiency. The output power 

and system efficiency of the solar cells can be 

enhanced during this photovoltaic conversion by 

cooling them by removing heat from the absorber 

surface and the cells using a carrier fluid. In most 

solar hot water preparation systems, water is 

employed as the fluid in collectors. To improve the 

efficiency of the PV/T system, phase-shifting 

materials capable of operating at low temperatures 

can be used [10]–[14]. 

In addition to generating electricity, these 

double-acting systems can produce hot water or hot 

air and, alternatively, use it for residential hot water 

and direct space heating. The use of direct ambient air 

as a fluid for room heating significantly improves the 

system's overall efficiency. Furthermore, the heated 

air from the PV/T collector can be provided to the 

building's ventilation system as pre-heated fresh air. 

The creation of these façade-integrated systems, 

which will be installed on buildings' south, southwest, 

and west facades, would significantly cut energy 

consumption. The hot air from the PV/T air collector 

can be used to heat the building [15], [16]. 

The number of publications on conventional 

thermal system design and thermal efficiency 

modelling is greater than the number of publications 

on combined solar cell-thermal collector design. The 

Hottel-Whillier model, established in 1958, is the 

most well-known modelling method. Later, as 

dynamic modelling of thermal collectors gained 

popularity, this was investigated. Klein et al. 

conducted a study of three distinct dynamic models. 

[17]. 

According to the findings, the dynamic 

impacts cancel each other out over the day. Suzuki 

and Kitamura's [18] theoretical and experimental 

work on hybrid PV/T systems provides the main ideas 

of these systems with the results of employing water 

or air as a cooling fluid. 

The aim of the systems developed within this 

logic is to provide a combined (hybrid) solution by 

providing both heat and electricity generation 

together in the same area. Today, PV/T systems, 

which produce electricity and heat together, are 

mostly focused on the systems that are introduced as 

a result of the integration of solar collectors and solar 

cells. Today, solar energy is used in two ways: 

thermal solar systems, in which solar radiation from 

the earth is converted to heat, and photovoltaic (PV) 

systems, in which solar energy is transformed into 

electrical energy. Thermal solar systems are utilized 

for a variety of purposes, including water heating, 

space heating, and mechanical power generation. 

Photovoltaic systems convert solar radiation directly 

to electrical energy and are utilized to address the 

electrical energy demands of houses and commercial 

operations. 

Figure 1 shows the comparison of the PV 

module used in electricity generation and the PV 

system resulting from the integrated thermal system 

used in heat generation. 



Ö. Kestane, K. Ülgen / BEU Fen Bilimleri Dergisi 12 (4), 941-958, 2023 

943 
 

 

Figure 1. PV system, thermal system, and PV/T system. 

Electrical energy and thermal demands are 

now among the most basic requirements of the 

structures in which we spend practically all of our 

time. It is critical, especially in cold areas, to fulfill 

the electrical energy demand through the same system 

that meets the high heating energy need. PV/T 

systems developed for this purpose have two different 

application types: the roof type and the type integrated 

into the building. The PV/T systems integrated into 

the building are mostly used for space heating and are 

integrated into the building's south, southwest, and 

west-facing façades, providing an effective solution 

throughout the day. In this system, the air in the space 

is used as a fluid, and the need is met by passing it 

through the PV/T system and returning it directly to 

the environment. In fact, this system, which acts as an 

air collector, behaves like a cogeneration system by 

producing electricity in addition to hot air. 

Solar air collectors are generally defined in 

four different ways: pre-pass, post-pass, double-pass, 

and matrix pass, depending on the direction of airflow 

and the location of the flow on the absorber surface 

(Figure 2). 

 

 

 

Figure 2. Flow types in air collectors. 
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Figure 3. Schematic view of PV/T air collector types [19]. 

 

The key elements influencing system 

efficiency are the location of the flow channel, the 

velocity of the fluid, and the pressure loss in the flow 

channel. As a result, while constructing the system, it 

is critical to design the collector in such a manner that 

it produces little pressure loss while ensuring 

maximum flow rate. The most important element 

influencing the change in the efficiency of solar 

modules is the temperature of the module's rear 

surface and the air movement created on this surface. 

As is well known, some of the solar radiation that 

reaches the surface of the photovoltaic module is 

converted into electrical energy, while the remainder 

is expelled as heat. If a method to lower the rear 

surface temperature of the solar module is developed, 

the whole performance of the photovoltaic module 

will improve. The cross-sections and flow channels of 

PV/T air collectors designed for this purpose and 

published in the literature are depicted in Figure 3 

[20]. 

The aim of this study is to determine its 

performance under the climatic conditions of İzmir 

province by designing an air source PV/T collector to 

heat the spaces and meet the partial electricity need, 

in light of the above information. For this purpose, the 

design, theoretical analysis, and experimental studies 

of the system, which are clearly explained in the 

Method section, were made, and its performance in 

the winter months was evaluated. 

 

2. Methodology 

 

2.1. Design of PV/T Air Collector 

The basic components of the solar-powered air PV/T 

collector, whose design, application, theoretical, and 

experimental evaluation were carried out within the 

scope of this study, consist of a photovoltaic module 

and solar air collector. The characteristics of the 

photovoltaic module used in the design of the PV/T 

air collector are given in Table 1. The photovoltaic 

module consists of 60 monocrystalline cells, with a 

peak power of 285 Wp and a module efficiency of 

18.2%. 

 
Table 1. Characteristic properties of the PV module. 

Nominal 

Power 

Flash 

Power 

Nominal 

Voltage 

Nominal 

Current 

Open Circut 

Voltage 

Shortcut 

Current 

Application 

Class 

Pn Pflash VMPP IMPP Voc Isc  

285 Wp 287 Wp 32,7 V 8,92 A 40,2 V 9,35 A A Class 

The PV/T air collector utilized in the 

investigation had the following characteristics: The 

air duct in the PV/T air collector is constructed as a 

post-pass and has a width of 5 cm. In addition, it is 

aimed at reducing heat losses and having a smooth 
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(laminar) flow on the back surface of the air duct by 

using aluminum foil-coated heat insulation material. 

Figure 4 depicts the horizontal section of the 

designed PV/T air collector, whereas Figure 5 depicts 

the vertical section. The dimensions in the figures are 

in cm. The dimensions of the PV/T air collector were 

established based on the photovoltaic module 

selected, as shown in the cross-sectional details 

below.  

 

 

Figure 4. Horizontal section of PV/T air collector. 

 

Figure 5. Vertical section of PV/T air collector. 

2.2. Theoretical and Experimental Evaluation 

 
The energy balance of the system must be designed in 

detail in order to determine the theoretical and 

experimental performance of the PV/T air collector 

under the climatic conditions of Izmir. Three 

alternative heat transfer processes are considered 

when determining the energy balance of the PV/T air 

collector system (Figures 6 and 7). The thermal study 

of the PV/T air collector was carried out using the 

theoretical equations listed below. The heat transfer 

between the layers of the PV/T air collector is the 

basis for these equations. When developing the 

theoretical equations, the following assumptions were 

made: 

 

▪ The PV/T air collector system has one-dimensional 

heat transmission between its layers. 

▪ There is no heat transmission from the PV/T air 

collector system's edges. 

▪ The materials used to construct the PV/T air 

collector system have physical and optical 

qualities that are temperature-independent. 
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▪ The contact surfaces of the layers of the PV/T air 

collection system are all at the same temperature. 

▪ Given the electrical analogy, the heat balance and 

energy balance equations for different 

components of the PV/T air collector are shown in 

Figures 6 and 7. 

 

The energy balance for the solar panel's glass 

surface can be stated as, 

𝑚𝑔𝐶𝑝,𝑔
𝑑𝑇𝑔

𝑑𝑡
= 𝑞𝑔(𝑡) − ℎ𝑟𝑎𝑑,𝑔𝐴𝑔(𝑇𝑔 − 𝑇𝑠) −

ℎ𝑐𝑜𝑛𝑣,𝑔𝐴𝑔(𝑇𝑔 − 𝑇𝑎) −
𝜆𝑔

𝐿𝑔
𝐴𝑔(𝑇𝑔 − 𝑇𝑐)          (1)   

           

In this equation, hrad,g expresses the heat 

transfer from the glass surface of the solar panel to the 

sky by radiation and is calculated with the help of 

equation 2, whereas hconv,g denotes heat transfer by 

convection between the photovoltaic panel's glass 

surface and the surrounding medium. Furthermore, 

the quantity qg(t), which is also included in the 

equation, denotes the amount of solar energy 

absorbed by the photovoltaic panel's glass and may be 

determined using equation (3). 

ℎ𝑟𝑎𝑑,𝑔 =
𝜀𝜎(𝑇𝑔

4−𝑇𝑠𝑘𝑦
4 )

𝑇𝑔−𝑇𝑎
 (2) 

𝑞𝑔(𝑡) = 𝛼𝑔𝐼𝛽(𝑡)𝐴𝑔 (3) 

The photovoltaic cell's energy balance is as 

follows, 

𝑚𝑐𝐶𝑝,𝑐
𝑑𝑇𝑐

𝑑𝑡
= 𝑞𝑐(𝑡) −

𝜆𝑐

𝐿𝑐
𝐴𝑐(𝑇𝑐 − 𝑇𝑡𝑒𝑑) −

𝜆𝑔

𝐿𝑔
𝐴𝑐(𝑇𝑐 −

𝑇𝑔) (4) 

The term qc(t) in equation (4) relates to the 

amount of solar energy received by the photovoltaic 

cell and may be computed using equation (5). 

𝑞𝑐(𝑡) = 𝜏𝑐𝛼𝑐(1 − 𝜂𝑃𝑉)𝐼𝛽(𝑡)𝐴𝑐 (5) 

The term ηPV in equation (4) refers to the 

efficiency of a photovoltaic cell as a function of cell 

temperature and may be computed using equation (6) 

[21]. 

𝜂𝑃𝑉 = 𝜂𝑟𝑒𝑓[1 − 0.0054(𝑇𝑐 − 𝑇𝑟𝑒𝑓)] (6) 

In this equation, ηref refers to the 

photovoltaic cell's reference efficiency under 1000 

W/m² of radiation, and Tref refers to the cell's 

reference temperature, which is 25°C as the standard 

value. The tedlar layer's energy balance is as follows, 

𝑚𝑡𝑒𝑑𝐶𝑝,𝑡𝑒𝑑
𝑑𝑇𝑡𝑒𝑑

𝑑𝑡
= −

𝜆𝑡𝑒𝑑

𝐿𝑡𝑒𝑑
𝐴𝑡𝑒𝑑(𝑇𝑡𝑒𝑑 − 𝑇𝑐) −

ℎ𝑟𝑎𝑑,𝑡𝑒𝑑𝐴𝑡𝑒𝑑(𝑇𝑡𝑒𝑑 − 𝑇𝑖𝑛𝑠,1) − ℎ𝑐𝑜𝑛𝑣,𝑡𝑒𝑑𝐴𝑡𝑒𝑑(𝑇𝑡𝑒𝑑 −

𝑇𝑓) (7) 

The flow channel's energy balance is as 

follows, 

𝑚𝑓𝐶𝑝,𝑓
𝑑𝑇𝑓

𝑑𝑡
= −�̇�𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) −

ℎ𝑐𝑜𝑛𝑣,𝑡𝑒𝑑𝐴𝑡𝑒𝑑(𝑇𝑓 − 𝑇𝑡𝑒𝑑) − ℎ𝑐𝑜𝑛𝑣,𝑖𝑛𝑠𝐴𝑖𝑛𝑠(𝑇𝑓 −

𝑇𝑖𝑛𝑠,1) (8) 

𝑇𝑓  in this equation represents the average 

temperature in the flow channel and is calculated by 

means of equation (9). 

𝑇𝑓 =
𝑇𝑓,𝑖𝑛+𝑇𝑓,𝑜𝑢𝑡

2
 (9) 

The insulating layer's energy balance is as 

follows, 

𝑚𝑖𝑛𝑠𝐶𝑝,𝑖𝑛𝑠
𝑑𝑇𝑖𝑛𝑠

𝑑𝑡
= −

𝜆𝑖𝑛𝑠

𝐿𝑖𝑛𝑠
𝐴𝑖𝑛𝑠(𝑇𝑖𝑛𝑠,1 − 𝑇𝑖𝑛𝑠,2) −

ℎ𝑐𝑜𝑛𝑣,𝑖𝑛𝑠𝐴𝑖𝑛𝑠(𝑇𝑖𝑛𝑠,1 − 𝑇𝑓) − ℎ𝑐𝑜𝑛𝑣,𝑖𝑛𝑠𝐴𝑖𝑛𝑠(𝑇𝑖𝑛𝑠,2 −

𝑇𝑟) (10) 

The total heat loss coefficient (UT) is a collector 

property that has a direct impact on its performance. 

This coefficient is used to calculate the collector's 

performance, the quantity of usable heat it creates, and 

the collector’s efficiency. The total heat loss coefficient 

is determined as the inverse of the thermal resistance 

using the following equation: 

𝑈𝑇 = 𝑈𝑡 + 𝑈𝑏 (11) 

Ut in this equation shows the heat loss coefficient 

of the photovoltaic panel, the top layer forming the 

PV/T collector, and is calculated by means of the 

equation (12). Ub is the heat loss coefficient in the 

thermal insulation material, which is the substrate of the 

PV/T collector, and is calculated by means of equation 

(13). 

𝑈𝑡 =
1

1

ℎ𝑟𝑎𝑑,𝑔+ℎ𝑐𝑜𝑛𝑣,𝑔
+

𝜆𝑔

𝐿𝑔
+

𝜆𝑐
𝐿𝑐

+
𝜆𝑡𝑒𝑑
𝐿𝑡𝑒𝑑

 (12) 
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𝑈𝑏 =
1

1

ℎ𝑟𝑎𝑑,𝑖𝑛𝑠+ℎ𝑐𝑜𝑛𝑣,𝑖𝑛𝑠
+

𝜆𝑖𝑛𝑠
𝐿𝑖𝑛𝑠

 (13) 

The useful heat to be obtained from the PV/T 

collector is expressed as follows, depending on the 

inlet, the outflow temperature, and the flow rate of air 

in the flow channel. 

𝑄𝑢 = �̇�𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) (14) 

The useful heat of the PV/T collector is 

expressed as indicated in equation (14), based on the 

total heat flux. 

𝑄𝑢 = [(𝜏𝑔𝛼𝑐𝜏𝑡𝑒𝑑𝐼𝛽𝐴𝑐) − 𝑈𝑇𝐴𝑐(𝑇𝑡𝑒𝑑 −

𝑇𝑎)] (15) 

The thermal efficiency of the PV/T collector is 

calculated as expressed in equation (16). 

𝜂𝑡ℎ =
𝑄𝑢

𝐴𝑐𝐼𝛽
=

�̇�𝐶𝑝,𝑓(𝑇𝑓,𝑜𝑢𝑡−𝑇𝑓,𝑖𝑛)

𝐴𝑐𝐼𝛽
 (16) 

In other words, the thermal efficiency of the 

collector can also be calculated using the following 

equation. 

𝜂𝑡ℎ =
𝑄𝑢

𝐴𝑐𝐼𝛽
=

[(𝜏𝑔𝛼𝑐𝜏𝑡𝑒𝑑𝐼𝛽𝐴𝑐)−𝑈𝑇𝐴𝑐(𝑇𝑓−𝑇𝑎)]

𝐴𝑐𝐼𝛽
=

𝜏𝑔𝛼𝑐𝜏𝑡𝑒𝑑 −
𝑈𝑇(𝑇𝑓,𝑜𝑢𝑡−𝑇𝑓,𝑖𝑛)

𝐼𝛽
 (17) 

The total efficiency of the PV/T totalizer is 

determined as follows considering the equation (6) and 

equation (16, 17). 

𝜂 = 𝜂𝑡ℎ + 𝜂𝑃𝑉 (18) 

An iterative technique was employed in the 

numerical computation with the help of the preceding 

equations to find the temperature-dependent impacts of 

the heat transfer coefficient. Temperatures for each 

layer of the PV/T collector were calculated using 

Excel-based software and the fourth-order Runga-

Kutta method. Table (2) details the accepted physical 

and thermal parameters of the PV/T collector during 

these calculations. 

  
Table 2. Physical and thermal properties of the PV/T air collector. 

Parameters Properties Unit Parameters Properties Unit 

APV 1,6012 m² σ 5,671 10-8 J/m²sK4 

Ag 1,6012 m² Cp,g 840 J/kgK 

Ac 1,4415 m² Cp,c 700 J/kgK 

Ated 1,6012 m² Cp,ted 560 J/kgK 

Ains 1,5212 m² Cp,ins 880 J/kgK 

τg 0,90 - εg 0,88 - 

τted 0,92 - εc 0,35 - 

αg 0,05 - εted 0,95 - 

αc 0,95 - εins 0,05 - 

λg 1,10 W/mK ρg 2700 kg/m³ 

λc 130 W/mK ρc 2330 kg/m³ 

λted 0,033 W/mK ρted 1200 kg/m³ 

λins 0,040 W/mK ρins 15 kg/m³ 

 

There are many experimental studies in the 

literature developed to determine the experimental 

performance of PV/T systems [22]–[24]. However, 

since each study has its own unique setup, a unique 

experimental setup was created within the scope of 

this study. The experimental setup formed is shown 

in Figure 8, the placement of the devices used is given 

in Figure 9, and the technical features are given in 

Table 3. According to Figure 9, the measuring points 

and measuring sensors are as follows: 

•  Point 1, Solar Radiation (W/m²), 

• Point 2, Ambient Temperature (°C) and Humidity 

(%), 

•  Point 3, the inlet Temperature (°C) of the PV/T 

Collector, 

•  Point 4, the outflow Temperature (°C) of the PV/T 

Collector, 

•  Point 5, Room Temperature (°C) and Humidity (%), 

•  Point 6, Middle Point Temperature (°C) of the Room,  

•  Point 7, PV panel Current (A), Voltage (V), front and 

back surface Temperature (°C) 
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Table 3. Measuring device and sensors. 

Main Section Usage Specification/description 

Sensors Solar sensor Type: CMP 11 Pyranometer,  

Sensivity: ±1% (between -10oC and +40oC), 

Response time: 12s (between -40oC and +80oC) 

Temperature and 

Humidity sensor 

Type: CS 215 Humidity and Temperature Sensor, 

Relative Humidity:  

 Measurement Range: 0 to 100%, 

Error Limit: < 3% 

Temperature  

 Measurement Range: -40°C to 56°C, 

Error Limit: <0,5°C 

Temperature sensor Type: Model 107 , 

 Measurement Range: -40°C to 56°C, 

 Error Limit: <0,5°C 

Data-Logger Unit Use for data storage Type CR1000 Campbell Data-Logger  

Capacity: 6MB SRAM, 

Channels: 16 single-ended or 8 differential, 

Electricity Power The voltage produced: 15,1 V,  

Peak power: 10 W 

 

 

Figure 6. Heat transfer of PV/T air collector. 
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Figure 7. Equivalent circuit diagram of the PV/T air collector. 
 

 

Figure 8. Mounted view of PV/T air collector. 
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Figure 9. Measuring points in the experimental setup. 

 

3.  Analysis and Results  

 

3.1. Analysis 

 

To determine the performance of the designed PV/T 

solar air collector under İzmir environmental 

conditions, evaluations were done using data 

collected from the calculation method and 

experimental setup. In the experimental studies 

carried out in December, January, and February, the 

periodic change of solar radiation from external 

factors is given in Figure 10, and the change of 

outdoor temperature and outdoor humidity is shown 

in Figure 11.

. 

 

Figure 10. Global solar radiation between December to February. 
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Figure 11. Ambient temperature and relative humidity between December to February. 

 

As a result of the experimental studies 

performed to determine the performance of the PV/T 

solar air collector in the winter climatic conditions of 

Izmir, the results obtained for the average days 

given in Table 4 are shown in Figure 12. 

 
Table 4. Recommended average days of months (Duffie and Beckman (2013)). 

Months Day of month For the average day of the month 

Day n δ (°) 

January i 17 17 -20,9 

February 31+i 16 47 -13,0 

March 59+i 16 75 -2,4 

April 90+i 15 105 9,4 

May 120+i 15 132 18,8 

June 151+i 11 162 23,1 

July 181+i 17 198 21,2 

August 212+i 16 228 13,5 

September 243+i 15 258 2,2 

October 273+i 15 288 -9,6 

November 304+i 14 318 -18,9 

December 334+i 10 344 -23,0 

 

 

Figure 12. Hourly variation of solar radiation and ambient temperature. 
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3.2 Results 

 

As a result of the experimental studies carried out 

during the 

days mentioned above, the findings obtained from the 

system are given in detail below. In experimental 

studies, the system was operated with natural airflow. 

The findings described in Table 4 for the day 

representing each month between December and 

February are given in between Figure 13 and Figure 

17. 

In accordance with the experimental studies 

conducted on December 10th, whose temperature 

variations are shown in Figure 13, the outdoor 

temperature change's amplitude is 10.39 °C, while 

the indoor temperature change's amplitude is 1.60 

°C. At the same time, the highest temperature 

differential between the PV/T collector's inlet and 

its outflow was 7.87 °C. 

 

 

Figure 13. Hourly variation of indoor-outdoor and PV/T collector input-output temperature. 

 

According to experimental studies conducted 

on January 17, which corresponds to the month of 

January, the PV/T collector, the inlet and outflow 

temperatures, and the hourly variation of the outdoor 

and indoor environments are shown in Figure 13.  

Figure 13 indicates that the external 

temperature change had an amplitude of 18.57 °C and 

the internal temperature change had an amplitude of 

5.35 °C. At the same time, the maximum difference 

between the inlet and the outflow temperatures of the 

PV/T collector was 16.59 °C.  

The hourly change of the outside and indoor 

environments, as well as the PV/T collector’s inlet 

and outflow temperatures, are illustrated in Figure 13 

in accordance with the experimental studies 

conducted on February 16, which serves as a 

representation of the month of February. During the 

day, the amplitude of the outdoor temperature change 

was 7.02 °C, while the amplitude of the indoor 

temperature change was 2.35 °C. At the same time, 

the difference between the inlet and the outflow 

temperatures of the PV/T collector was realized to 

be 8.96 °C.  

The change in electrical efficiency obtained 

from the panel depending on the temperature values 

formed on the back surface is shown in Figure 14. 

On December 10, the front surface of the PV panel 

was observed to rise to a maximum of 26.98 °C, 

depending on the density of solar radiation, and a 

minimum of 25.24 °C on the back surface. 

Figure 14 illustrates the temperature 

difference of the PV panel's front and back surfaces 

on January 17. On the front surface of the PV panel, 

the temperature increase reached its peak at 43.47 

°C, while it was 37.69 °C on the back. 

The front and back surface temperatures of 

the PV panel changed throughout the day of 

February 16, as shown in Figure 14. The PV panel's 

front surface experienced a maximum increase of 
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32,73 °C, while its back surface experienced a 

maximum increase of 29,42 °C. 

 

 

  

 

Figure 14. Hourly variation of front and back surface temperature of the PV panel. 

 

 

Figure 15. Hourly variation of voltage and current of the PV panel. 

 

As demonstrated in Figure 15, the maximum 

PV produced on December 10 was 38.94 V, and the 

current generated was 1.62 A. These results indicate 

that the PV panel's maximum power of 62.89 W was 

obtained. Under typical test conditions, the power 

generated by PV is far less than 285 W. This is due 

to the vertical orientation of the PV panel. The PV 

panel's maximum voltage on January 17 was 36.17 

V, and the maximum current it could produce was 

1.45 A. These results indicate that PV produced a 

maximum power of 52.30 W.  The highest PV value 

produced during the day on February 16 was 38.48 

V, while the current value it produced was 1,61 A. 

According to these values, the maximum power of 

62.03 W was obtained from PV. 

 



Ö. Kestane, K. Ülgen / BEU Fen Bilimleri Dergisi 12 (4), 941-958, 2023 

954 
 

 

Figure 16. Hourly variation of back surface temperature and electrical efficiency of the PV panel. 

 

According to the temperature values 

produced on the PV panel's back surface, the 

electrical efficiency of the panel changes, as 

illustrated in Figure 16. 

The lowest and maximum electrical 

efficiencies predicted based on the back surface 

temperature of the PV panel were 17.78% and 18.53, 

respectively, according to tests taken on December 

10. The efficiency of the PV panel is roughly 1.65%, 

while considering that the project's PV panel has an 

efficiency of 18.2% under typical test settings. This is 

because the temperature change behind the PV panel 

in summer is higher than the standard test temperature 

of 25 °C.  

According to the values obtained on January 

17, the calculated lowest electrical efficiency 

obtained from the PV panel is 16.58%, while the 

highest is 19.55%, depending on the back surface 

temperature of the PV panel. According to the yield 

value of the PV panel under standard test conditions, 

it has an average yield reduction of around 1.85%.  

According to the values obtained on 

February 16, depending on the back surface 

temperature of the PV panel during the day, the 

electrical efficiency obtained from the PV panel was 

calculated as the lowest (17.38%) and the highest 

(19.18%). According to the yield value of the PV 

panel under standard test conditions, the efficiency 

of the PV panel is approximately 1.59%. 
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Figure 17. Hourly variation of electrical, thermal and total efficiency of the PV/T collector. 

 

The electrical, thermal, and overall efficiency 

change of the system was computed in accordance 

with the results of the experimental study carried out 

on December 10, January 17, and February 16 and is 

shown in Figure 17. 

The results of the experimental investigation 

conducted on December 10 showed that, depending 

on the hourly solar radiation value, the system's 

thermal efficiency ranged from 14,64% to 35,94%, 

with 14,64% being the lowest and 35,94% being the 

greatest. The fluid entering the collector had a 

temperature range of 12,06 °C to 15,73 °C, which was 

used to calculate the PV/T collector's change in 

thermal efficiency. The results of the experimental 

investigation conducted on January 17 indicated that, 

depending on the hourly solar radiation value, the 

system's lowest thermal efficiency was 12,45% and 

its greatest was 33,39%. The fluid entering the PV/T 

collector had a temperature value of 6,84 °C when the 

lowest thermal efficiency change was calculated, and 

14,09 °C when the highest. The results of the 

experimental investigation conducted on February 16 

indicated that the system's thermal efficiency ranged 

from 3,78% to 27,78%, depending on the value of the 

hourly solar radiation. 

The verification method used to compare 

the results obtained in light of the experimental and 

theoretical studies carried out within the scope of 

this study is Root Mean Square Error (RMSE). The 

equation used in the determination of error analysis 

is as follows; 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑥𝑡ℎ𝑒𝑜,𝑖 − 𝑥𝑒𝑥𝑝,𝑖)

2𝑛
𝑖=1  (18) 

The results of the error analysis performed 

in light of the data obtained from the experimental 

and theoretical studies are given in Table 5. Error 

values calculated depending on ambient conditions 

are given for PV cell temperature, fluid temperature, 

thermal, electrical, and total efficiency. According 

to the error evaluation revealed as a result of the 

theoretical and experimental studies, the average 

error rates were calculated as 4.19% according to 

the PV cell temperature, 5.00% according to the 

fluid temperature, 0.07% according to the thermal 

efficiency, 0.03% according to the electrical 

efficiency, and 0.04% according to the total 

efficiency. 

 
Table 5. Percentage errors between theoretical and experimental results. 

Ta I Root Mean Square Error (RMSE) (%) 

(K) (W/m2) Tc Tf th pv 

275-280 600-700 3.99 4.56 0.12 0.02 0.04 

280-285 

200-300 6.06 2.34 0.11 0.03 0.05 

700-800 4.65 4.88 0.08 0.03 0.04 

800-900 4.02 6.76 0.05 0.02 0.03 

285-290 
400-500 3.23 3.13 0.10 0.04 0.04 

500-600 3.05 3.98 0.07 0.03 0.05 
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600-700 2.99 4.12 0.06 0.02 0.03 

700-800 2.76 5.05 0.05 0.02 0.03 

800-900 2.89 7.79 0.04 0.02 0.03 

290-300 

600-700 4.76 4.22 0.06 0.03 0.04 

700-800 5.18 5.15 0.05 0.03 0.04 

800-900 6.66 8.02 0.04 0.02 0.03 

Average 4.19 5.00 0.07 0.03 0.04 

 

4. Conclusion 

 

The benefit of the PV/T collector system, which 

serves as the project's foundation, is that the heat 

created by the PV panel is transported to the air gap 

established behind the PV panel, allowing the PV 

module to cool and therefore boost its electrical 

efficiency. The potential heat generation at the given 

surface is substantially greater than the electrical 

performance. In order to ensure the use of PV panels 

and thermal solar collectors together, it will be more 

appropriate to use materials that perform heat transfer 

faster. For this, instead of TEDLER, which is used as 

a back surface element in traditional photovoltaic 

panels, the use of materials with high heat transfer 

coefficients, such as copper or aluminum, will 

directly contribute to the increase in system 

performance. PV requires a low temperature for high 

efficiency; the air solar collector requires a high 

temperature to produce a high benefit. Current 

technologies have lower efficiency than 2 separate 

systems in PV/T collectors, and also because of the 

initial development step, the PV/T combination is 

more expensive. However, it is still considered 

advantageous in terms of aesthetics, future cost 

reductions (production and installation), and market 

and consumer needs. 

Türkiye, with an average yearly solar energy 

of 1311 kWh/m² year and a total annual sunlight 

duration of 2640 hours, is a fortunate country in terms 

of solar energy potential. If the existing potential is 

evaluated, the dependence on external energy will be 

greatly reduced, but the initial installation costs of 

solar power systems are often quite high. The 

production of electricity with solar cells is not yet 

used because it is expensive. The widespread use of 

electricity, as well as hot water from solar energy in 

buildings, will significantly reduce environmental 

pollution. Despite the system's high initial investment 

cost, its long-term benefit to the national economy 

and environment will be beneficial. Using these two 

transducers together reduces costs while increasing 

system productivity and utilization. 

The housing sector consumes 34% of total 

energy. On a sectoral basis, housing has a large 

share of energy consumption. In this context, efforts 

to reduce energy consumption in houses will 

contribute to the national economy, and at the same 

time, reduce environmental problems related to 

fossil fuel consumption.  

For this, it is possible to create effective 

solutions by integrating photovoltaic panels with air 

solar energy collectors used for heating the spaces. 

As a result of the studies carried out to determine the 

experimental performance of the PV/T air collector 

developed within the scope of the study, the thermal 

efficiency of the system reached up to 35% and the 

electrical efficiency reached 19% during the winter 

months. As a result of comparing the results 

obtained from theoretical and experimental studies, 

it has been determined that there is an error of 

0.12%. 
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