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Abstract

:

The present article deals with the concept of the non-metallic flat plate liquid solar collector and its evaluation. The innovative concept lies in the elimination of metal parts of the solar collector and their replacement by the foam glass block, which significantly reduces the energy and material demands of the production process. The evaluation of the collector took place in two phases, the first was focused on the numerical evaluation, which resulted in the compilation of a theoretical curve of the efficiency of the solar collector. The second phase was focused on verifying the basic functionality of the concept based on the results obtained from experimental tests of the collector, which confirmed the functionality of the concept and revealed several areas that will need to be addressed in the further development of the prototype.
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1. Introduction


One of the essential conditions for the sustainable development of modern society is the necessity to ensure the energy supply in the required quantity and quality while minimizing possible negative impacts on the environment [1,2,3,4,5,6]. From an environmental point of view, the continued use of fossil fuels is one of the biggest risks [7,8,9,10,11,12,13,14]. The biggest environmental, but also industrial, challenge facing modern society is the gradual replacement of fossil fuels and, respectively, drastic reduction in fossil fuel consumption. One of the ways to achieve this goal is the wider use of renewable energy sources in the energy mix of individual countries [15,16,17,18,19,20,21]. In terms of consumption of primary energy sources, RES (renewable energy sources) provided more than 7000 TWh in 2019, which represents more than 11% of total energy production [22]. When looking at electricity production, RES provided 26.2% of the total electricity production [23]. From the whole range of renewable energy sources, one of the greatest theoretical, but also real, technical potentials is solar energy [24]. This source is possible to use in many ways, mostly to produce electricity using PV systems or heat using solar collector systems [25,26,27,28,29,30,31]. In the European Union, the installed capacity of photovoltaics is 117 GWe [32] and 36.1 GWth in thermal solar systems [33], the vast majority of which are installed in smaller scales at the family houses, etc. The present article deals with the use of solar energy to produce heat in the form of hot water, which is produced using an innovative non-metallic solar collector that was designed and manufactured by the authors. The concept of a non-metallic solar collector is based on the experience the authors gained in the process of assessing the technical and operational parameters of commercially produced and available flat plate solar collectors. From this experience, it can be stated that the currently produced flat plate liquid solar collectors are built exclusively on a metal basis, apart from air collectors and low-efficiency swimming pool solar heaters that are made of polypropylene or other plastics. In the construction of the absorber, metals with high thermal conductivity, i.e., copper and aluminum, are used [34]. The use of metallic materials is associated with an increase in energy [35] and technological complexity of production [36], high prices [37] of manufacturing equipment, and last, but not least, the high thermal conductivity of metallic parts, which can negatively affect the increased rate of heat losses from the collector body. Due to these facts, the authors needed to find a different conceptual strategy for capturing and obtaining heat by the body of the solar collector with the exclusion of metal elements from the energy-conversion part of the collector.



It can be assumed that the replacement of metal construction materials with cheaper non-metallic materials will lead to a reduction in the total cost of production of the solar collector, which should be reflected in the final price of the product. However, this can occur only while maintaining a similar operational efficiency in the solar collector. Another positive aspect is the reduction of manufacturing energy consumption by excluding the most energy-intensive materials from the construction of the solar collector, which is directly reflected in the reduction of the energy payback period of the solar system. The reduction of energy required for production has a positive environmental effect in an area that is often a subject of criticism in relation to renewable energy sources, namely, the considerable energy and, partly, the raw material intensity of the manufacturing process [38]. The mentioned energy intensity is often the result of the use of highly sophisticated technological processes and design solutions. The reduction of manufacturing energy consumption by the conversion of construction materials towards less energy-intensive represents only a partial, but time-immediate, elimination of the above-mentioned phenomenon.



The concept of the non-metallic flat plate liquid solar collector proposed by the authors is presented at the level of structural design, prototype construction, numerical evaluation, and experimental operation, which was carried out to verify the basic functionality of the concept, in particular the structural integrity of the individual parts.




2. Materials and Methods


2.1. Basic Concept of Non-Metallic Solar Collector


The basic philosophy of the proposed design is based on the change in the material and construction layout of the proposed solar collector. The presented concept consists of four main construction parts—foam glass insulating block with a top surface coating, transparent glazing, pillars, and connecting fittings. In the presented concept, the black non-selective surface coating of the foam glass insulating block acts as an absorber and, therefore, creates a photothermal converter. On this surface, shortwave solar radiation is converted into heat, which is directly transferred to the heat transfer medium. Figure 1 (left) shows, in a partial cross-section view, the basic arrangement of parts and the energy balance of the solar collector. The figure depicts heat fluxes representing heat gains and losses, where qs is solar radiation, qh,loss is the heat loss from the transparent cover and the back of the collector, qopt,loss are optical losses caused by reflection and absorption of radiation through the transparent cover, qabs is the heat flux dissipated by the absorber (i.e., useful heat), tm is the temperature of the heat transfer medium, tabs is the temperature of the absorber, τ is the transmittance of the solar collector glazing.



The heat transfer from the surface of the absorber to the body of the foam glass block is prevented by the high thermal resistance of the foam glass. In comparison to a conventional absorber, which is characterized by significant heat loss from the front of the absorber in the presented design, this loss is eliminated by the structural layout of parts. The back of the absorber is thermally insulated comparable to a conventional solar collector. A heat transfer medium flows in front of the top surface of the absorber, dissipating heat from the absorber body. Above the heat transfer medium is the lower glass of the transparent cover, which contributes to the elimination of heat loss due to its thermal resistance. Thus, the upper surface of the lower glass is equivalent to the surface of the metal absorber of a conventional solar collector, however, the surface temperature of the glass is lower and, at the same time, the heat flux through the glass is lower.



In the above-mentioned arrangement of the absorber, energy gain is achieved by direct absorption of solar radiation during its passage through the layer of heat transfer liquid, when a fraction of UV radiation is used. The heating of the heat transfer media also occurs under the diffuse component of the solar radiation, while a higher degree of extinction is manifested in the part of the spectrum with a longer wavelength (red light). Part of the light that penetrates the water is scattered; a part is absorbed and converted into heat. However, this method of heating cannot be overestimated due to the very thin layer of liquid. From the point of view of the passage of solar radiation through a thin layer of liquid, it is possible to speak of a negligible influence, concerning the values of light transmittance at wavelengths that are characteristic of solar radiation [39].




2.2. Prototype of a Non-Metallic Solar Collector


The designed and constructed prototype of a non-metallic solar collector consists of four main parts, as is depicted in Figure 1 (right):




	(a)

	
conversion-insulating foam glass block fulfilling the role of a frame with a sealing-delimiting surface,




	(b)

	
transparent cover,




	(c)

	
pillars,




	(d)

	
connecting fittings.









Due to the limited offer of foam glass, the prototype has dimensions of 600 × 450 mm, but the concept can be used analogously in the construction of a collector of classic dimensions (i.e., 2000 × 1000 mm). In the proposed concept of the solar collector, we considered the use of a block construction of the solar collector body, which integrates the thermal insulation and the back enclosure frame, respectively, into one block. This block is also part of the heat transfer fluid distribution system, which functions as an absorber and, respectively, a photothermal converter. The key part of the proposed collector, the conversion-insulating block, is made of foam glass. This material has good thermal insulation properties and, in comparison with other insulating materials, has the advantage of higher compressive strength, chemical inertness, and water resistance at low weight (ρ = 120 to 165 kg.m−3) [40]. Foam glass is produced by foaming glass crumbs together with pulverized coal. Since this insulating material has closed pores, it is completely watertight in its entire volume and, at the same time, non-absorbent for all liquids. For this reason, neither its thermal resistance nor its volume changes over time. Foam glass has the highest compressive strength among thermal insulation materials (compressive strength 0.7 to 1.2 MPa depending on the type). At the same time, it has high rigidity, is practically incompressible, and is resistant to extreme temperatures. In the case of the proposed collector, the block has a plate shape, and its thickness is determined by ensuring sufficient thermal resistance of the block and sufficient rigidity of the structure (frame function). Due to the value of the coefficient of thermal conductivity λ, which in the case of foam glass is 0.038 to 0.048 W.m−1.K−1 [41], it was possible to consider the total thickness of the insulating part of the block of 60 mm. The foam glass block also contains openings for connection fittings and tear-shaped recesses serving as a distribution or the collecting section of the flow channels as seen in Figure 2. Foam glass properties are summarized in Table 1.



In the production process of the prototype, foam glass with the trade name T4 was used. The upper side of the block was made of foam glass, respectively, the side in contact with the heat transfer medium was treated with a 1 mm thick black, hygroscopic, heat-resistant polyurethane coating. The black matte coating on the foam glass acts as a solar absorber and increases the durability of the foam glass structure. The collector area was divided into four flow channels, which are delimited by pillars made of silicone sealant. The width of the pillar is 7 mm; its length is 415 mm, and its height is 3 mm, i.e., the thickness of the layer of heat transfer medium is 3 mm. The width of the four flow channels is 97.25 mm. The thickness of the heat transfer medium was chosen to keep the liquid volume of the solar collector at an acceptable level, in this case, 0.81 L.



The upper part of the collector is formed by insulating double-layered glazing, which consists of a pair of 4 mm thick Solarglass glasses with a transmissivity value τ = 0.78 and a heat transfer coefficient k = 0.8 W.m−2.K−1. The use of a transparent cover, which is characterized by the use of two glasses with evacuated space between them (as is depicted in Figure 3 right), was conditioned by the effort to minimize heat transfer from the top of the solar collector and, thus, by the effort to reduce heat loss of the proposed device. Since the inner glazing of the transparent cover is in direct contact with the liquid, it must withstand thermal and pressure stress; for that reason, it was a specifically chosen glass, designed for solar applications. Although in conventional collectors, this glass is not in contact with the heat transfer medium, its chemical composition and production process makes it possible to assume its resistance in the proposed use, which was verified by a test operation in which no problems with the transparent cover appeared. The pressure of water in the hydraulic circle was set to 650 kPa, following the design of a typical flat plate solar collector. The gap between the pair of glasses is 20 mm. The dimensions of the glazing correspond to the size of the collector, i.e., 600 × 450 mm. The transparent cover was attached to the foam glass block with a silicone sealant, which transmits the hydrostatic pressure of the heat transfer fluid. The proposed solar collector was connected to the hydraulic circuit using connecting fittings made of brass pipes with a diameter of 18 mm, which form the only metal part of the proposed solar collector. The structural design and the dimensions of the parts are shown in Figure 3, where the proposed solar collector is presented in front, cross-section view, and in the detailed view of the individual layers of the solar collector.



The heat transfer medium is introduced into the solar collector by a copper connection fitting, located in the lower-left corner. The significant teardrop-shaped widening, visible in Figure 2, allows the developing flow from the circular cross-section into the rectangular cross-section flow channels of the solar collector without the formation of significant turbulent areas. In the main part of the solar collector, the flow of the heat transfer medium is divided into four streams; this segmentation allows the designers to achieve a uniform volumetric flow rate of the heat transfer medium. This ensures homogeneous heating of the medium by the incident solar radiation. The basic building element of the proposed solar collector is a block made from the prepared raw foam glass plate. The raw foam glass block had to be adjusted to the required dimensions, discussed above. The production also included a surface treatment, which consisted of a surface roughness treatment and chamfering of the edges. The next step was to make the desired shape of the distribution, respectively, the collection channel of teardrop shape, and to drill holes enabling the introduction of copper pipe sections serving as a connection with the hydraulic circuit of the measuring apparatus. After these treatments, the whole block was painted with a hydrophobic coating. After the coating had hardened, copper fittings were glued with a hydrophobic epoxy. The final step was the creation of dividing pillars and the installation of a transparent glass cover. In this step, water-soluble auxiliary blocks were used, which ensured the distance of the transparent cover from the foam glass block to provide the required gap, since the pillars would not be able to maintain the weight of the transparent cover in the unhardened state. The advantage of the procedure we used is that after the pillars have hardened, the auxiliary blocks are dissolved in water and flushed from the internal volume of the collector. The manufactured foam glass block with connection fittings and raw foam glass material are depicted in Figure 4.




2.3. Methodology


The evaluation of the collector took place in two phases: the first was focused on the numerical evaluation, which resulted in the compilation of a theoretical curve of the efficiency of the solar; the second phase was focused on verifying the basic functionality of the concept, based on the results obtained from experimental tests of the collector. The evaluation of the collector was carried out in the months May and June, at the Renewable Energy Center, Faculty BERG. This center is located in Košice, Slovakia (latitude 48°43′ N and longitude 21°15′ E); the area is characterized as a temperate climate zone. A prototype of the proposed solar collector was installed on a measuring apparatus and connected to the hydraulic circuit shown in Figure 5. The inclination of the collector was 45°, which represents the optimal value for a given geographical location and selected time of year [42].



The assembly of the hydraulic circuit was based on the principle that the circulation pump must operate in the cold branch of the hydraulic circuit, and that its heat output must not affect the heat transfer medium behind the temperature probes. The assembly of the solar collector connected to the hydraulic circuit was placed on a semi-mobile platform, which represented certain limitations in terms of available space, which necessitated some compromises such as the relative position of the valve and the circulation pump. In the presented arrangement, the service life of the pump could be reduced during long-term operation due to cavitation, but in the short-term operation of a given experimental system, this is not a major problem.



The basic characteristic that defines the solar collector in terms of its use is the solar collector thermal efficiency curve. Based on the shape and parameters of the curve, solar collectors can be evaluated and compared with each other. The thermal efficiency of a solar collector is generally defined as the ratio of the energy transferred by a heat transfer medium over a period of time, to the product of a solar collector absorber area and the solar radiation incident on the solar collector under steady-state conditions. This ratio can be termed as an energy balance equation and has the form [43,44]:


   η =    q A    G · A   =     m ˙   · c ·  Δ T    G · A   = τ · a − k ·    t m  −  t E   G    



(1)




where η is solar collector thermal efficiency, qA is the heat flux dissipated by the absorber (i.e., the useful heat flux dissipated by the heat transfer medium), G is a solar radiation intensity, A is an absorber area, product τ·a is referred to as solar collector optical efficiency, k is the coefficient of heat loss, tm is a mean heat transfer medium temperature, te is an ambient temperature. The ratio (tm − tE)/G [m2.K.W−1] is called the reduced temperature difference determined for the solar collector and is one of the basic parameters for evaluating the thermal efficiency of solar collectors under different operating conditions [45]. Based on these theoretical findings, the basic linear curve of collector efficiency is numerically defined results section.



In the tests process, water was used as the heat transfer medium. The measuring apparatus consisted of a series of KIMO TTKE-363 thermocouples (type K, range −40 °C to +400 °C) placed according to Figure 5 in the hydraulic circuit, which recorded the temperature of the heat transfer medium at the inlet and outlet of the collector and the ambient temperature, and in the body of the proposed solar collector according to Figure 6, which records the temperature of the heat transfer medium in the various locations in the proposed solar collector.



Thermocouple data were recorded by the KIMO AMI 300 data acquisition system with a thermocouple module with an uncertainty of ±0.8 °C. The volumetric flow rate of the heat transfer medium was set using a TACOSETTER 100 rotameter with a measurement uncertainty of ±5% (F.S.). The intensity of solar radiation was recorded with a KIMO SL200 solarimeter, which operates with 5% accuracy and a recording frequency of 2/s. The solar cell operates in the range from 400 to 1300 nm. When measuring the intensity of solar radiation, it was necessary to compromise by using a solarimeter at the expense of a pyranometer. This compromise was forced by the availability of a solarimeter and, respectively, the unavailability of a pyranometer in the workplace. The used solarimeter operates in the wavelength range from 400 to 1300 nm, i.e., it covers the visible and most of the IR part of the spectrum from the solar spectral irradiance point of view. Although wavelengths above 1300 nm affect the energy balance of the solar collector, it is possible in our opinion, to accept the use of this device. This is mainly because the values of solar radiation intensity were no longer used in the evaluation of the thermal technical properties of the solar collector, such as the calculation of thermal efficiency. The intensity of solar radiation was mainly data that characterizes the insulating conditions of a specific measuring day.





3. Results


The numerical evaluation of the proposed solar collector was performed by numerical methods, which resulted in a theoretical curve of the thermal efficiency of the solar collector and the determination of the theoretical value of the stagnation temperature of the solar collector. The calculation itself used a widely accepted methodology based on the values of the overall transparency and absorptivity of the transparent cover and the heat transfer coefficient of the foam glass block.



The optical losses of the proposed solar collector are given by the product of the solar transmittance coefficient of the collector glazing τ = 0.78 and the solar radiation absorption coefficient according to [46] a = 0.94. The total optical loss then has a coefficient value (τ·a) = 0.73. The maximum value of the reduced temperature difference (tm − tE)/G corresponds to the stagnation state, which is the state of operation of the solar collector when the heat transfer medium does not circulate through the solar collector, but the absorber is exposed to solar radiation and, thus, captured heat is not removed. The value of the maximum stagnation state temperature tA,max is given by Equation (2), which is based on the above-mentioned Equation (1).


    t  A , max   =   τ · a · G  k  +  t E  ,   



(2)







In the conditions of Central Europe, the maximum temperature tA,max of the solar collector in equilibrium state is determined either experimentally in tests of the solar collector or by calculation for the solar radiation intensity of G = 1000 W.m−2 [47] and the ambient temperature of te = 30 °C [48]. The presented calculation considers the heat transfer coefficient k = 3 Wm−2.K−1, which corresponds to the lowest quality level of the double-glazing structure of the transparent cover and the value of the heat transfer coefficient on the back of the collector k2 = 0.4 Wm−2.K−1 (normally for conventional solar collectors, k2 is at the level of 0.3 to 0.5 Wm−2.K−1 [48]).



Subsequently, the total heat transfer coefficient of the solar collector is k = 3.4 W.m−2.K−1. However, to calculate the maximum temperature of the absorber, due to the higher surface temperatures according to [48], it is necessary to correct the value of k using a correction factor c, which has the value c = 1.12 for k in the presented range. Then, the corrected total heat transfer coefficient of the collector is k′ = 3.8 W.m−2.K−1. Then, tA,max is 222 °C, and the value of the parameter x, i.e., the reduced temperature difference (tm − tE)/G is 0.222.



Based on these data, it is possible to compile a theoretical linear curve of the thermal efficiency of the presented solar collector, which is shown in Figure 7. A tabular representation of the thermal efficiency calculated with the use of the energy balance equation and input data according to [48] is given in Table 2.




4. Discussion


4.1. Basic Evaluation of the Functionality of the Solar Collector


The functionality of the prototype of the proposed solar collector was evaluated based on the results of performed tests, which were specifically designed to reveal possible deficiencies in the concept before the actual evaluation of the thermal efficiency of the solar collector, which quantifies the operation of the proposed solar collector in terms of energy efficiency. The basic functionality was evaluated by a test that can be characterized by the stagnation state of the solar collector, and tests the monitored changes in the temperature of the heat transfer medium in the longitudinal profile of the solar collector, as well as changes in the temperature of the transparent cover and the rear wall of the insulation block.



The purpose of the tests marked as A, B, C was to verify the structural integrity of the foam glass block, which is affected by the fluid pressure and to verify the functionality and tightness of the connection between the foam glass block and the transparent cover. Tests also verifed the increase in the temperature of the heat transfer medium in the proposed solar collector, as well as the temperature of the outer surfaces of the solar collector, which would indicate critical points when occurring increased heat losses. The stagnant and quasi-stagnant state exposes the solar collector to increased thermal and pressure-induced stresses, which allow the manifestation of various design and manufacturing errors.



4.1.1. Test A


This test aimed to confirm the assumption that the change in solar radiation intensity has a characteristic effect on the development of temperature parameters of the solar temperature system, and to determine the maximum temperature values that the solar collector can reach, under-insulated conditions, with the limited quasi-stagnation flow. The input parameters of the test are characterized by a clear to semi-clear sky, with an ambient temperature of 24 °C. The initial temperature of the heat transfer medium was 22 °C, and its flow rate reached an almost negligible value in terms of the transferred heat output. In numerical terms, the flow rate of the heat transfer medium was set to 0.001389 L.s−1. The test was performed between 11:47 and 13:30 when the solar collector was exposed to sunlight and the surrounding atmospheric influence. However, the recording of values itself took place in three intervals as shown in Table 3.



The measurement confirmed the good functionality of the device, from the point of view of achieving high temperature values of the heat transfer medium in all profiles and, respectively, measuring points. An increase in temperature with time and increasing intensity of sunlight is also visible.




4.1.2. Test B


The purpose of this measurement was to obtain outputs whose values describe the relationship between the temperature development of the transparent cover and the rear insulating part of the collector, in connection to increasing the temperature of the working substance, in a certain time interval, under specific ambient conditions. The input parameters of the test were again characterized by a clear to semi-clear sky with low clouds and an ambient temperature of 21.0 °C, the initial temperature of the working substance was 21.3 °C, and a quasi-stagnant flow state (0.001389 L.s−1) was also considered again. The test was performed from 9:02 to 9:52 and the data were evaluated in ten-minute intervals. During the test, the value of solar radiation reached 500 W.m−2 (±5 W.m−2 fluctuations). The evaluated prototype was equipped with thermocouple probes at the middle of the transparent cover area and, secondly, in the middle of the back wall of the solar collector area. The values of the measured temperatures are summarized in Table 4.



During the measurement, the ambient temperature increased; this condition is also recorded in Table 4. By analyzing the measurements, it was found that there is a slight increase in temperature both on the side of the transparent cover and on the side of the insulating layer, which can be seen in Figure 8 and Figure 9. However, their increment is minimal and is mainly related to the balance of the temperature of the monitored areas with the ambient temperature, as well as to the influence of diffuse radiation emitted from various reflecting surfaces of the surrounding environment.




4.1.3. Test C


The measurement was performed to characterize the temperature increase in individual levels of the collector field, due to the change in the amount of accumulated energy, due to the predominance of the diffuse component of solar radiation. In this test, semi-cloudy weather with more pronounced diffusion radiation prevailed; the ambient temperature was 23 °C and the initial temperature of the working substance was 16.4 °C. Again, the solar collector was tested under a quasi-stagnation state, with a minimum flow rate of 0.001389 L.s−1. The measurement results summarized in Table 5 show that the individual layers of the collector array are also affected by the change in the intensity of solar radiation. For evaluation, we chose individual thermocouples from each level (T1, T5, T7), which in the monitored interval reached the temperatures listed in the table of values.



From the graphical representation in Figure 10, it is evident that there is a comparable influence of individual outputs at all levels, in terms of the amount of incident solar energy. The characteristic change occurs only at the initial value of the T1 probe, which is located in channel One. It is most subject to the influence of the inflow of heat transfer medium at a given time. After repeated measurements, when the temperature has stabilized, this change no longer manifests itself, and the effect of the intensity of solar radiation is, in this case, comparable to the others.





4.2. Identification of Possible Design Risks and Their Elimination


During the production of the prototype, and also in the experiments, several problem areas were identified, in terms of the concept or manufacturing. These problems will need to be addressed before the next phase of research or commercial deployment.



The anticipated risks are:




	
Ensuring the transparency of the heat transfer medium distribution system in the solar collector. The transparency of this element has a significant effect on the thermal efficiency of the heat exchange processes in the absorber. Possible sources of pollution are:




	
Incrustation on the walls of the absorber channels. Incrustation on the glass surface has a direct effect on the level of penetration of solar radiation into the absorber area (reduction of radiation intensity, an increase in optical losses of the collector). Incrustation on the conversion surface of the foam glass block reduces the rate of conversion of solar radiation into heat. The elimination measure consists of the use of a high-purity heat transfer medium without incrustation additives. The proposed solar collector cannot be operated in an open hydraulic circuit in which directly heated water flows through the collectors.



	
Development of algae or other organisms causing gradual deterioration of the heat transfer fluid or the solar collector itself. This risk is particularly acute, as it can be assumed that the conditions in the absorber channels will be suitable for the life and reproduction of simple living organisms, especially green algae and cyanobacteria. It is not possible to rely on reaching and exceeding the pasteurization temperature during the operation of the solar system, because, in times of prevailing optimal conditions (low solar radiation intensity and, therefore, the low temperature of heat transfer medium), organisms can multiply in a short time and cause deterioration of the entire system. Probably the only effective measure to ensure permanently abiotic conditions is to add a suitable inhibitor to the heat transfer medium. However, the inhibitor must not affect the required properties of the heat transfer fluid and must also be suitable for use in water heating systems. From the above, it can be assumed that the collectors will not be able to operate in Drain-back systems.








	
Ensuring the stability and coherence of the solar collector as a result of the pressure action of the heat transfer fluid. The very nature of the proposed concept implies the greater sensitivity of the construction to the increased fluid pressure in comparison with the metal pipes of conventional solar collectors. The elimination of this risk has its limits, given by the concept itself. Increasing the area of the pillars naturally entails a reduction in the net area of the absorber and, thus, a reduction in the energy production of the solar collector. The strength parameters of the pillars are determined by the type of used material and its bonds with the surface. Here, it is possible to search for more durable materials and a method of surface preparation for the best possible bonding of the joint. Another way to eliminate this problem is to operate the collector in such conditions that it is not exposed to an enormous increase in pressure due to heating of the heat transfer medium or hydrostatic pressure action of the fluid column at a high vertical configuration of the gravitational hydraulic circuit. A possible way to eliminate this risk is to use the collector in a thermosiphon configuration with an integrated tank located just above the collector, where the advantage of low hydraulic resistance of the collector could also be used.



	
The high weight of the solar collector. If we consider a solar collector with an area 2 × 1 m and a foam glass block with a thickness of 6 cm with a bulk density of 140 kg.m−3 (interval is 125–150 kg.m−3), the weight of the foam glass block is approximately 17 kg. The weight of transparent double-layered glazing with a glass thickness of 4 mm with a total area of 2 × 2 m2 is 40 kg. The total gross weight of the solar collector is then about 60 kg. Compared to conventional flat plate solar collectors, it is about 15 kg more. The possibility of weight reduction is limited mainly by the use of two glasses; however, it is possible to consider lightweight glass or thinner borosilicate glass. In this calculation was considered the bulk density of the foam glass at the upper interval. When using a lighter type, together with lower thermal conductivity or thickness, (however, it is necessary to take into account the strength limits), it is possible to partially reduce the weight of the foam glass block.










5. Conclusions


The present paper deals with the design and evaluation of an innovative concept of a non-metallic flat plate liquid solar collector. The proposed concept considers the exclusion of metal parts from the energy-conversion part of the solar collector and their replacement by a foam glass block, and presents a change in philosophy regarding conducting the heat transfer medium. It can be assumed that the replacement of metal construction materials with cheaper non-metallic materials will lead to a reduction in the total cost of production of the solar collector, which should be reflected in the final price of the product. However, this must occur while maintaining a similar operational efficiency of the solar collector. Another positive aspect is the reduction of manufacturing energy consumption by excluding the most energy-intensive materials from the construction of the solar collector, which is directly reflected in the reduction of the energy payback period of the solar system. The key part of the proposed solar collector, the conversion-insulating block, is made of foam glass. This material has good thermal insulation properties and, in comparison with other insulating materials, has the advantage of higher compressive strength, chemical inertness, and water resistance at low weight The prototype designed and built by the authors was evaluated theoretically and by performed tests. The numerical evaluation resulted in the construction of a theoretical linear curve of the thermal efficiency of the solar collector and the calculation of the stagnation temperature. The corrected total heat transfer coefficient of the collector is k′ = 3.8 W.m−2.K−1 and tA,max is 222 °C. Subsequently, a functional prototype of the proposed solar collector was installed in an experimental measuring apparatus, enabling the tested operation of the solar collector and recording of its basic operating characteristics. The evaluation of the collector was carried out in the months of May and June, at the Renewable Energy Center, Faculty BERG. This center is located in Košice, Slovakia (latitude 48°43′ N and longitude 21°15′ E); the area is characterized as a temperate climate zone. The data obtained from the simulated operation verified the basic functionality of the proposed concept, but it is necessary to perform further measurements during the simulated operation, as well as measurements that will result in the compilation of the thermal efficiency curve of the proposed solar collector. As part of the evaluation, the risk points of the design were identified and theoretically discussed, which could reduce the overall efficiency of the solar collector or limit its application potential.
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Figure 1. Cross-section of a proposed non-metallic solar collector with depicted basic parts and energy balance (left) and exploded view of the 3D model of the proposed solar collector (right). 
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Figure 2. Foam glass block with dimensions of the constructed prototype. 
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Figure 3. The structural design and the dimensions of the parts. 
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Figure 4. The prototype of the foam glass block with surface treatment (left) and raw foam glass plates (right). 
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Figure 5. The schematic diagram of the hydraulic circuit and measuring apparatus with depicted positions of measuring devices (1, 2—inlet and outlet thermocouples, 3—ambient air thermocouple, 4—solarimeter, 5—flowmeter, 6—circulation pump, 7—expansion vessel, 8—flow control valve, 9—heat exchanger, 10—data acquisition system). 
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Figure 6. Position of thermocouple probes and real image of the backside of the prototype. 
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Figure 7. The theoretical linear curve of the proposed solar collector thermal efficiency depending on x parameter. 
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Figure 8. Temperature development of thermocouple probe in inlet position, transparent cover, and back wall of insulation block. 
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Figure 9. Temperature development of thermocouple probe in inlet position, transparent cover, and back wall of insulation block. 
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Figure 10. Temperature increases at individual solar collector levels. 
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Table 1. Basic foam glass properties [40].
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Type of Foam Glass (Commercial Name)

	
T4

	
S3

	
F

	
W&F






	
Bulk density [kg.m−3]

	
120

	
135

	
165

	
100




	
Thermal conductivity coefficient [W.m−1.K−1]

	
0.04

	
0.044

	
0.048

	
0.038




	
Compressive strength [MPa]

	
0.7

	
0.9

	
1.2

	
0.35




	
Flexural strength [MPa]

	
0.4

	
0.5

	
0.6

	
0.4




	
Flexural modulus [MPa]

	
800

	
1200

	
1500

	
600




	
Coefficient of longitudinal expansion (K−1)

	
9 × 10−6

	
9 × 10−6

	
9 × 10−6

	
9 × 10−6




	
Specific heat capacity [kJ.kg−1.K−1]

	
0.84

	
0.84

	
0.84

	
0.84




	
Diffusion resistance factor [-]

	
70,000
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Table 2. The thermal efficiency of the proposed solar collector for selected temperature difference and intensity of solar radiation.
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η [-]






	
G [W.m−2]

	
Δt = tm − tE [°C]




	
0

	
10

	
20

	
30

	
40

	
50

	
60

	
70

	
80




	
200

	
0.73

	
0.54

	
0.35

	
0.16

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
400

	
0.73

	
0.64

	
0.54

	
0.45

	
0.35

	
0.26

	
0.16

	
0.06

	
0.00




	
600

	
0.73

	
0.67

	
0.60

	
0.54

	
0.48

	
0.41

	
0.35

	
0.29

	
0.22




	
800

	
0.73

	
0.68

	
0.64

	
0.59

	
0.54

	
0.49

	
0.45

	
0.40

	
0.35




	
1000

	
0.73

	
0.69

	
0.65

	
0.62

	
0.58

	
0.54

	
0.50

	
0.46

	
0.43
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Table 3. Temperatures of each thermocouple probes (Tn) and values of solar radiation intensity (I).
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Time of the Day

	
Temperature [°C]

	
I

[W.m−2]




	
T1

	
T2

	
T3

	
T4

	
T5

	
T6

	
T7

	
T8

	
T9

	
T10






	
11:47–11:57

	
23.1

	
23.1

	
23.2

	
23.4

	
25.1

	
25.1

	
27.9

	
32.0

	
32.0

	
31.5

	
253




	
12:52–13:02

	
57.0

	
58.7

	
60.0

	
60.2

	
65.7

	
65.7

	
71.3

	
73.3

	
73.9

	
72.2

	
824




	
13:20–13:30

	
50.7

	
53.9

	
55.3

	
56.9

	
73.7

	
84.8

	
90.7

	
93.0

	
93.5

	
93.0

	
806
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Table 4. The temperature of thermocouple probes located in the inlet (T1), in the middle of the transparent cover (Ttrans_cover), in the middle of the back wall of the insulation layer (Tback_wall), and in the middle of the flow channel (T5).
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Time of the Day

	
Temperature [°C]




	
T1

	
Ttrans_cover

	
Tback_wall

	
T5






	
9:02

	
30.2

	
19.4

	
26.6

	
39.3




	
9:12

	
42.5

	
29.1

	
28.1

	
50.5




	
The ambient temperature rises to 22 °C.




	
9:22

	
56.9

	
29.7

	
27.7

	
62.2




	
9:32

	
70.7

	
29.7

	
27.6

	
75.1




	
The ambient temperature rises to 22.5 °C.




	
9:42

	
78.6

	
34

	
29.6

	
87.3




	
9:52

	
84.5

	
34.3

	
30.3

	
89.1
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Table 5. Temperatures of each thermocouple probes (Tn) and values of solar radiation intensity (I).
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No. of Measurement

	
Time of the Day

	
Temperature [°C]

	
I

[W.m−2]




	
T1

	
T2

	
T3

	
T4

	
T5

	
T6

	
T7

	
T8

	
T9

	
T10






	
1

	
11:43–11:52

	
21.7

	
23.4

	
25.1

	
27.1

	
35

	
35.6

	
40.5

	
43.5

	
44

	
43.5

	
439




	
2

	
12:03–12:11

	
21.6

	
22.7

	
23.3

	
23.0

	
28.5

	
28.4

	
34.1

	
35.5

	
35.6

	
35.1

	
341




	
3

	
12:16–12:26

	
25.7

	
23.9

	
24.5

	
25.6

	
30.5

	
30.1

	
34

	
35.1

	
36.4

	
37.5

	
240




	
4

	
12:43–12:53

	
28.8

	
29.3

	
29.8

	
30.6

	
35.5

	
36.0

	
38.3

	
39.1

	
39.5

	
38.6

	
404
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