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Abstract

:

BIPV (Building Integrated Photovoltaic) system is a building envelope technology that generates energy by converting solar energy into electricity. However, after producing electrical energy, the remaining solar energy is transferred as heat, raising the temperature at the rear of the BIPV module, and reducing electrical efficiency. On the other hand, a PVT (Photovoltaic Thermal) collector is a device that generates electricity from a PV module and at the same time uses the heat transferred to the air layer inside the collector. In general, the performance of air-type PVT collectors is based on energy analysis using the first law of thermodynamics. Since this performance does not take into account the loss amount, it is not the actual amount of power generation and preheat of the collector that can be used. Therefore, an exergy analysis based on the second law of thermodynamics considering the amount of energy loss must be performed. In this paper, an air-type PVT collector to which perforated baffles were applied was tested through outdoor experiments based on ISO 9806 standard. The total energy (thermal and electrical characteristics) and exergy according to the flow rate (100, 150, and 200 m3/h), solar radiation, and rear temperature of the PV module of the air-type PVT collector were analyzed. As a result, the total exergy efficiency of the air-type PVT collector with perforated baffles was 24.8–30.5% when the total energy efficiency was 44.1–63.3%.
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1. Introduction


Renewable energy, including solar power and fuel cells, etc., is predicted to provide 62% of the world’s electricity by 2050 [1]. Fuel cells consist of batteries, thermal energy storage (TES), and heat pumps, and a study of Li Sun et al. [2] analyzed this as being a sustainable cogeneration system. Based on the general load schedule, the system was optimized and operated to generate hourly heat and electricity flow patterns, and the overall system efficiency improved to about 3.5% by linking with TES. Moreover, the expansion of the spread of renewable energy has highlighted the need for solar power systems with larger capacities, and Building-Integrated Photovoltaic (BIPV) systems have seen an increase in demand for their efficient use of space. BIPV systems integrate photovoltaics into the building envelope, producing energy by converting solar energy into electricity. The system converts part of the solar energy that reaches PV modules into electrical energy, and a significant amount of solar energy is converted into heat. However, releasing heat produced by PV modules can be challenging as it raises the temperature of BIPV modules, thereby causing a decrease in power generation. Photovoltaic-Thermal (PVT) collectors, which combine PV and solar collector functions, were developed to improve power generating efficiency and use of solar energy by utilizing heat produced by PV modules. In particular, Building-Integrated PVT (BIPVT) systems can simultaneously produce electrical and heat energy for buildings that require heating, and offer higher solar energy use per unit area of installation than conventional BIPV systems.



The base fluids of PVT collectors can be largely divided into air, water, combinations of air and water, and nanofluids. Recent studies have used nanofluids, which offer higher thermal conductivity than those of air and water, to enhance the performance of PVT collectors. Hasan et al. [3] evaluated the performance of PVT collectors with different base nanofluids such as SiC/water, TiO2, SiO2, Al2O3, synthetic oil, and Al2O3/water. A PVT collector with silicon carbide (SiC) nanofluid saw a 62.5% improvement in performance compared to conventional PV modules. Ali et al. [4] performed numerical analysis (MATLAB) to examine the effect of different nanofluids (SiC, CuO, and Al2O3) and base fluids (water, ethylene glycol, and glycerin) on the performance of a PVT collector. The pressure drop of glycerin was the largest and the pressure drop of water was the lowest. In addition, it was analyzed that SiC nanofluids have higher heat transfer rates than other nanofluids.



Among research related to air-type PVT, Choi et al. [5] conducted outdoor experiments on a dual collector capable of simultaneous heating of air and liquid under an air flow rate of 0.0203–0.1262 kg/s (61.52–382.42 m3/h), and assessed the performance of the system in returning collector outlet air as heated air [6].



In recent studies on air-type PVT collectors, the range of electrical efficiency was 9–12%, while that of thermal efficiency was 40–60% [7]. Numerical analysis models were used to improve the electrical and thermal efficiency of collectors, and indoor/outdoor experiments were measured the performance of collectors alone.



Riffat et al. [8] studied parameters affecting the electrical and thermal performance of various PVT systems. The parameters were set as the optimum flow rate circulating inside the PVT collector, the thermal absorber plate, and the thickness of the air layer. The parameter that had the most significant influence on thermal efficiency of PVT systems was the absorber plate.



Park et al. [9] developed a prototype air-type PVT collector suitable for integration in a heat recovery ventilation system, and performed outdoor experiments to assess its performance. The collector had a thermal efficiency of 22% and electrical efficiency of 16% at an air flow of 240 m3/h. Kim et al. [10] developed an air-type PVT collector and conducted experiments under varying air flow rates (100, 150, and 200 m3/h). They reported a difference in inlet/outlet temperature of 8 °C, thermal efficiency of 32.56%, and electrical efficiency of 15.5%. To enhance thermal performance, Kim et al. [11] developed an air-type PVT collector with baffles, and performed outdoor experiments in accordance with ISO 9806. The experimental results showed that thermal efficiency was 26–45% when the average solar radiation of 950 W/m2, ambient temperature of 0 °C, and an inlet flow rate of 60 to 200 m3/h. When the inlet flow rate was 100 m3/h, the collector had a thermal and electrical efficiency of 37.99% and 16.21%, respectively.



Other studies [12,13,14] attempted to improve thermal energy and power generation by developing new air-type PVT collectors with PV module rear fins, curved baffles, and ∇-shaped absorber plates, and assessed their performance. Recently, a study was published that analyzed the efficiency of the collector through numerical analysis by applying a porous metal form to the rear of the module of an air-type PVT collector. Metal form cools the module surface and improves heat transfer from module to form, resulting in an increase in electrical efficiency of about 3% and thermal efficiency up to 85% [15]. Manssouri et al. [16] used air and liquid as collector fluids and designed by applying fins at the bottom of the air layer. In winter, the thermal efficiency increased by 20%, but the electric efficiency decreased by 0.2%.



Boutina et al. [17] designed an air-type PVT collector using a chimney tower effect, and analyzed it by CFD simulations. The results showed that the proposed system improved the heat transfer rate of about 78% compared to existing air-type PVT collectors. Tiwari et al. [18] designed an outdoor dryer that relies on an air-type PVT collector, and reported the average thermal and electrical efficiency, overall thermal efficiency of the air-type PVT collector as 26.68%, 11.26%, and 56.30%, respectively. They found that the air-type PVT collector was at least two times more affordable than electric dryers. Other studies [19,20] reviewed the literature on the effects of systems linking air based PVT and heat pumps or heating equipment. This is for reducing building energy consumption and for thermal comfort and ventilation effect.



Fan et al. [21] designed an air-type PVT-solar air heater (SAH) model using heat pipes, and found the payback time to be between 5.7 and 16.8 years. The thermal efficiency of the model was up to 12% higher, and the PV module temperature was effectively lowered.



As reviewed above, the performance of air-type PVT collectors has been analyzed in various ways through theoretical and experimental research. In recent years, researchers have assessed the performance of PVT collectors based on not only energy efficiency but also exergy efficiency [22,23,24,25,26]. The exergy of a PVT collector is the effective energy that can be utilized as electrical and thermal energy, excluding heat loss from energy entering the collector (incident solar radiation). A PVT collector with higher exergy efficiency produces greater effective energy as output (thermal and electrical). Since materials undergo an irreversible energy conversion process that causes a decrease in energy compared to the initial potential for use, exergy is an important indicator of PVT collector performance. Energy efficiency is calculated by the first law of thermodynamics, and exergy efficiency by equations based on the second law of thermodynamics with consideration of loss due to energy conversion [14,27,28]. Fudholi et al. [14] designed air-type PVT collectors with V-shaped baffles, and examined exergy efficiency through theoretical review and experimental analysis. The exergy efficiency was 13.36% and 12.89% theoretically and experimentally, respectively. Wajs et al. [27] analyzed the exergy efficiency of a PV roof tile, and assessed performance in relation to duct depth and flow rate. The maximum temperature rise was 23.4 °C, and the collector had an overall efficiency of 32%, thermal efficiency of 27%, and exergy efficiency between 5.08% and 9.94%. Numan et al. [29] analyzed the exergy efficiency of an air-type PVT collector in relation to fin density and PV type (polycrystal, and monocrystal) using ANSYS simulations. When fins were installed nearer to one another, the polycrystal and monocrystal PVT collectors saw an increase in exergy efficiency by 70% and 30%, respectively. Their thermal efficiency was analyzed to increase by approximate 55% and 70%.



Agathokleous et al. [30] assessed the exergy and energy of a naturally ventilated BIPVT system through theoretical analysis and experiments. The energy efficiency of the system varied from 26.5 to 33.5%, and the exergy efficiency from 13 to 16%. The PV module of the collector had a maximum temperature of 57 °C, and exergy efficiency increased with outlet temperature.



The range of exergy efficiency in past research [24,25,26,27,28,29,30,31,32,33,34] was between 10 and 38.5%; the various conditions taken into account were air layer height, PV module transmittance, flow, and climate.



In this study, a new air-type PVT collector with perforated baffles was designed, and its energy and exergy performance were evaluated. For this purpose, outdoor experiments were performed under conditions meeting international standards, and the experimental results were used to analyze the electrical/thermal energy efficiency and exergy efficiency considering heat loss.



This paper is divided into two sections. In the first section, the newly designed air-type PVT collector was described, and the experimental method and measurement items for testing the collector were written. The following sections consist of explanations of equations for calculating energy and exergy performance, and were written in sequence with thermal performance analysis, electrical performance analysis, and exergy analysis.




2. Design and Experiment Method


2.1. Design of Air-Type PVT Collector


The air-type PVT collector developed in this study comprised a Glass to Back-sheet (G to B) type PV module, air layer, and insulator, and measured 1013 × 1672 × 32 mm in size (Figure 1). The PV module had 60 monocrystal cells between the front glass and transparent back-sheet, and its specifications are provided in Table 1. Air enters the collector through the inlet at the bottom, and is released through the outlet at the top. The front absorption layer contains perforated thermal absorbers for heat absorption and air flow between the PV module and insulator. Perforated thermal absorbers were in the form of baffles, enhancing heat transfer performance by creating turbulence within the air layer. In this study, the new air-type PVT collector was designed completely different from the PVT collector of the previous studies [11,12] in terms of cost and weight reduction. The PVT collector is composed of G to B PV module, perforated heat absorbing plate, insulation material, rear plate, and side frame. The glass of the G to B PV module was made of low iron tempered glass, and the black EPS (Expanded Poly Styrene) was used for the insulation. The weight of the collector itself was reduced by using 0.3mm aluminum for the perforated heat absorbing plate and 2mm aluminum for the rear plate and the side frame. In general, unlike the method in which the heat absorbing plate is flatly installed under the air layer, the heat absorbing plate applied to the collector of the new design has a perforated/bent shape. This has the advantage of reducing the weight of the collector due to perforation, and less dead space and pressure drop that degrade thermal performance due to the perforated shape occurs, so that the air flow in the collector is uniform.



A previous study [35] conducted CFD modeling analysis on the design of perforated thermal absorbers to assess the performance of air-type PVT collectors. The perforated thermal absorbers with a perforation rate of 34% had a bending angle (a) of 60°, ratio of air layer height to baffle height (  e / h  ) of 0.8, and bent upper length of baffle plate ( l ) of 280 mm (Figure 2). The air-type PVT collector showed the best performance with a thermal efficiency of 42.5 % (507 Wth) under an outdoor temperature of 5 °C and radiation of 700 W/m2.




2.2. Experiment Method of Air-Type PVT Collector


To measure the performance of the air-type PVT collector, outdoor experiments were carried out according to test methods specified in ISO 9806 (Solar energy-Solar thermal collectors-Test methods) [36]. The experimental setup was as shown in Figure 3 and Figure 4, and experiments were carried out on the rooftop of a building in Kongju National University (36.85 N, 127.15 E) in Cheonan. A collector was installed on a two-axis tracker with angles adjustable in the horizontal (0–160°) and vertical (15–90°) directions. The angle was adjusted such that radiation reached the normal to the surface of the collector. The experiments were conducted in April to May 2020 under a radiation intensity of at least 700 W/m2 on the inclined plane and varying inlet/outlet flow rates of 100, 150, and 200 m3/h. For thermal and electrical performance analysis of the air-type PVT collector, variables such as inlet/outlet temperature and flow rate, PV power generation, PV module rear temperature, solar radiation, outside temperature, wind speed were measured (Table 2). Experimental data was collected for ten minutes under normal conditions of inlet/outlet flow, temperature, and outside temperature. Here, normal conditions refer to values falling within the deviation provided in Table 3.





3. Results and Analysis


3.1. Mathematical Formulations


Thermal and electrical efficiency, used to assess the thermal and electrical performance of the air-type PVT collector was calculated in accordance with ISO 9806 [31] and IEC 61215 [32].



Thermal efficiency of the air-type PVT collector is given by Equations (1) and (2). Electrical efficiency of the air-type PVT collector is given by Equation (3).


   Q ˙  =  (     m e   ˙   C  f , e    ϑ e   )  −  (     m i   ˙   C  f , i    ϑ i   )  −  [   (     m e   ˙  −    m i   ˙   )   C  f , a    ϑ a   ]   



(1)




where   Q ˙   is heat gain (W),      m e   ˙    is outlet mass flow rate (kg/h),    C  f , e     is outlet specific heat of air at a constant pressure (J/kg °C),    ϑ e    is outlet air temperature (°C),      m i   ˙    is inlet mass flow rate (kg/h),    C  f , i     is inlet specific heat of air at a constant pressure (J/kg °C),    ϑ i    is inlet air temperature (°C),    C  f , a     is outdoor specific heat of air at a constant pressure (J/kg °C),    ϑ a    is ambient temperature (°C).


   η  t h   =   Q ˙    A  p v t   G    



(2)




where    η  t h     is thermal efficiency (-),    A  P V T     is surface area of the collector (m2), G is solar radiation (W/m2).


   η  e l   =    I  m p    V  m p      A  p v t   G   =    P  m a x      A  p v t   G    



(3)




where    η  e l     is electrical efficiency (-),    I  m p     is maximum current (A),    V  m p     is maximum voltage (V),    P  m a x     is maximum power (W).



Researchers have used various mathematical equations to calculate energy entering the PVT collector (  E  x  i n    ) and solar radiation exergy (   E ˙   x  s u n    ) to determine effective thermal and electrical energy produced by PVT collectors. In this study, the exergy equation developed by Wajs et al. [27] was employed for exergy efficiency analysis.



Exergy loss (  E  x  l o s s    ) is obtained by subtracting exergy (  E  x  o u t    ) produced by the PVT collector from energy entering the collector (  E  x  i n    ). Exergy produced by the PVT collector is obtained by summing the thermal exergy (  E  x  t h    ) and electrical exergy (  E  x  e l   )  .



Exergy analysis of the PVT collector considering the exergy balance is given by Equations (4) and (5).


   ∑  E  x  i n   −  ∑  E  x  o u t   =  ∑  E  x  l o s s    



(4)






   ∑  E  x  i n   −  ∑   (  E  x  t h   + E  x  e l    )  =  ∑  E  x  l o s s    



(5)







The fluid enthalpy of the PVT collector varies with solar heat gain, and thermal exergy is determined by solar heat gain, outside temperature (   T a   ), and collector outlet temperature (   T o   ).



Thermal exergy is calculated by Equation (6) [27].


  E  x  t h   =  Q ˙   [  1 −    T a     T o     ]   



(6)







To calculate exergy efficiency, the exergy of solar radiation incident on the surface of the PVT collector is required. The formulate for the exergy of thermal radiation proposed by Petela [38] were applied. (The temperature of the sun (   T s   ) is 5760 K).



Solar radiation exergy (      E x  ˙    s u n    ) is given by Equation (7).


      E x  ˙    s u n   =  [  1 +  1 3     (     T a     T s     )   4  −  4 3     T a     T s     ]  G  



(7)







This study calculated the exergy efficiency of the air-type PVT collector, which is the sum of thermal and electrical exergy efficiency. The exergy efficiency is obtained by dividing the sum of PV power (   P  m a x    ) and thermal energy (  E  x  t h    ) over solar radiation exergy (      E x  ˙    s u n    ).



The exergy efficiency of the air-PVT collector is calculated by Equation (8).


   η  e x , p v t   =  η  e x , p v   +  η  e x , t h   =    P  m a x   + E  x  t h         E x  ˙    s u n      



(8)








3.2. Energy Performance of Air-Type PVT Collector


The performance of the air-type PVT collector was assessed based on thermal and electrical efficiency at varying inlet air flow (100, 150, 200 m3/h) and radiation. Thermal performance was analyzed while taking into account how the outlet temperature is influenced by air flow entering the collector and radiation incident on the PV module. Considering the effect of radiation reaching the front of the PV module on the rear temperature, the electrical performance including decrease in electrical efficiency with increasing rear temperature was analyzed.



Figure 5 shows the thermal efficiency by inlet air flow in relation to solar radiation. As radiation increased from 800 W/m2 to 950 W/m2, thermal efficiency at varying air flow rates also increased.



The average thermal efficiency of the PVT collector was 28.1% at an flow rate of 100 m3/h; values were 37.9% at 150 m3/h, and 47% at 200 m3/h. At peak radiation (approximately 950 W/m²), the thermal efficiency was 34.7% at an air flow of 100 m3/h, 41.2% at 150 m3/h, and 49.9% at 200 m3/h. During the experimental period, the average outside temperature, average wind speed, and average radiation were 25 °C, 1.39 m/s, and 716–958 W/m2, respectively.



The temperature rise (difference in inlet and outlet) grew smaller with increasing air flow at the inlet, and temperature increase within the collector was more significant under higher levels of radiation (Figure 6). Flow velocity within the collector increases when air enters through the inlet. The shorter time taken for heat transfer through the back of the PV module and perforated baffles slows down the temperature increase within the collector. The temperature ranged from 10 to 17 °C at an inlet air flow of 100 m3/h, and decreased from 6 to 16% with increasing air flow.



Figure 7 shows the power of the PVT collector and PV module rear temperature in relation to solar radiation. For an outdoor temperature range of 21–31 °C, the output power of the PV module rose 217 Wp to 263 Wp with increasing radiation. The PV module rear temperature fell in the range of 44–52 °C under the ambient conditions. The PV module rear temperature increases slightly and the outlet temperature of PVT collector increases, which shows that it was largely unaffected by the increase in radiation. Therefore, the cooling effect of the PVT collector helps to minimize the decrease in power generation. This becomes faster the air flow because the length between the bent perforated baffle plate applied in the air layer and the PV module is narrow. Heat transfer is promoted by convection from the rear of the module to the air, and there is an effect of raising the collector outlet temperature. Therefore, the collector to which the bent perforated baffle plate is applied does not increase the PV module rear temperature, does not reduce electrical efficiency. The collector increases outlet temperature and thermal efficiency at the same time.



Figure 8 shows the electrical efficiency of the PVT collector in relation to the PV module rear temperature. The graph indicates a decrease in electrical efficiency with increasing PR module rear temperature. The electrical efficiency dropped from 16.6 to 16.1% when the PV module rear temperature rose from 44 to 52 °C. Under an outside temperature range of 21–31 °C and radiation of 825–958 W/m2, the electrical efficiency decreased by 0.375% for every 1 °C increase in PV module rear temperature.




3.3. Exergy Performance of Air-Type PVT Collector


The exergy performance of the air-type PVT collector can be assessed based on its thermal exergy efficiency, electrical exergy efficiency, and total exergy efficiency (sum of thermal exergy efficiency and electrical exergy efficiency) at varying inlet air flow rates. Figure 9 gives the exergy efficiency of the proposed collector. Under a radiation of 800–950 W/m2, the thermal exergy efficiency of the air-type PVT collector increased from 8.7% to 14.9% as inlet air flow rose from 100 m3/h to 200 m3/h. At the same time, electrical exergy efficiency increased slightly from 16 to 16.3%. Accordingly, the total exergy efficiency increased by 23.3% from 24.8 to 30.5%. When the flow rate increased from 100 m3/h to 150 m3/h, the increase in the thermal exergy efficiency was small as the electric exergy efficiency increased. On the other hand, when the flow rate increased from 150 m3/h to 200 m3/h, the increase in the thermal exergy efficiency increased while the electric exergy efficiency hardly increased. Therefore, it was confirmed that 150 m3/h is the critical point for the increase in electric exergy efficiency, and the thermal exergy is predicted to increase further at a flow rate of 200 m3/h or more.



Figure 10 shows the total energy efficiency and exergy efficiency by air flow. According to the graph, the total energy efficiency and exergy efficiency increase with flow rate. At air flows of 100, 150, and 200 m3/h, the total exergy efficiency values were 24.7%, 26.1%, and 30.5%, while the total energy efficiency values were 44.1%, 54.2%, and 63.3%. With increasing air flow, the total exergy energy is about half of the total energy efficiency. The relatively smaller increase in exergy efficiency can be traced to the heat loss resulting from the difference between outside temperature and outlet temperature of the PVT collector, and the greater heat loss at higher air flow.



As a result, it can be seen that the air-type PVT collector to which the perforated baffle was applied lost 32.7% of the 63.3% of the energy efficiency of the collector at a flow rate of 200 m3/h and used 30.5% effectively. In addition, it can be seen that the electrical efficiency is higher than the thermal efficiency at 30.5% of the total exergy efficiency.





4. Conclusions


This study developed a new air-type PVT collector with perforated baffles, and conducted outdoor experiments to assess the performance of the proposed system under conditions specified in international standards. The energy (thermal and power generation) and exergy performance of the air-type PVT collector were analyzed in relation to inlet flow, radiation intensity, and PV module rear temperature.



The thermal efficiency of the proposed air-type PVT collector averaged 28.1% at an air flow of 100 m3/h, and 47% at an air flow of 200 m3/h. During peak solar radiation (approximately 950 W/m²) in the range of 100–200 m3/h, the thermal efficiency was between 34.7 and 49.9%. As air flow increased from 100 to 200 m3/h, the difference in inlet and outlet temperatures decreased, falling in the range of 9–17 °C.



In the measurement of electrical and thermal performance of the proposed air-type PVT collector, power generation increased with solar radiation, but there was no significant increase in the temperature at the back of the PV module. This is presumed to be the result of cooling effect by the air flow at the back of the PV module.



The total exergy efficiency of the air-type PVT collector with perforated baffles was 24.8–30.5% when the total energy efficiency was 44.1–63.3%. The total exergy efficiency was about half of the total energy efficiency due to the consideration of loss arising from differences between outside temperature and outlet temperature in thermal exergy, and the consideration of loss arising from differences between outside temperature and solar temperature in solar radiation exergy.



As such, design considerations are required to enhance overall exergy efficiency so as to utilize effective energy through the air-type PVT collector. In addition, the air-type PVT should be designed to operate at high exergy efficiency in building systems.
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Figure 1. Concept of the air-type PVT collector with perforated baffle: (a) 3D blown-up picture and (b) cross sectional profile showing air flow direction. 
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Figure 2. Concept of perforated thermal absorber (baffle) in the air-type PVT collector. 
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Figure 3. Installation for air-type PVT collector Experiment. 
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Figure 4. Scheme for Experiment of air-type PVT collector. 
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Figure 5. Effect of the irradiance on the thermal efficiency. 
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Figure 6. Effect of the air flowrate on the air temperature rise. 
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Figure 7. Effect of PV power and temperature by irradiance. 
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Figure 8. Electrical efficiency by PV module rear temperature. 
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Figure 9. Exergy and energy efficiency by flow rate. 
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Figure 10. Compare with energy efficiency and exergy efficiency. 
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Table 1. PV module specification.
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	Parameters
	Value





	Cell type
	Mono-crystalline silicon (60 cell)



	Module size
	1638 × 996 × 6 mm



	Module efficiency
	17.48%



	Maximum power (   P  m a x    )
	285 W



	Maximum voltage (   V  m p    )
	33.1 V



	Maximum current (   I  m p    )
	8.7 A



	Open voltage (   V  o c    )
	40.1 V



	Short current (   I  s c    )
	9.2 A
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Table 2. Specifications of the measuring equipment.
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	Type
	Specification





	Solar irradiance

(Pyranometer)
	Model: Albedometer

Operating temperature: −40 °C to +80 °C

Measurement range: 0 to 2000 W/m2

Non-linearity: ±1.2% at <1000 W/m2

Directional response: ±20 W/m2 at 1000 W/m2



	Flow rate

(Insertion mass flow meter)
	Model: Steel Mass 640S

Operating temperature: −20 °C to +50 °C

Measurement range: 0 to 200 m3/h

Accuracy: ±1% of reading ±0.5% of full scale



	Air temperature/relative humidity

(Humidity and temperature transmitter)
	Model: Humidity Transmitter HF 5

Operating temperature: −40 °C to +60 °C

Measurement range: −50 °C to +100 °C/0% RH to 100% RH

Accuracy: ±0.1 K at 23 °C/±0.8% RH



	PV surface temperature

(Thermocouple)
	Manufacture: Omega T type thermocouple

Operating temperature: −60 °C to +100 °C

Measurement range: −250 °C to +350 °C

Accuracy: ±0.5%
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Table 3. Permitted deviation of measured parameters during a measurement period [37].
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	Parameters
	Experimental Value
	Permitted Deviation from the Mean Value—Air Heating Collector





	Hemispherical solar irradiance
	Over 700 W/m2
	±50 W/m2



	Thermal irradiance
	-
	±20 W/m2



	Ambient air temperature
	21–31 °C
	±1.5 K



	Fluid mass flowrate
	100–200 m3/h
	±2%



	Fluid temperature at the collector inlet
	21–31 °C
	±1.5 K



	Fluid temperature at the collector outlet
	33–48 °C
	±1.5 K



	Surrounding air speed
	0–2 m/s
	±1.0 m/s deviation from set value
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