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Introduction: In the field of solar energy utilization, the construction of low cost and easy to process large concentrated photothermal system is a scientific problem to be solved. A linear Fresnel reflection solar concentrator is proposed in this paper.
Methods: The position, tilt angle and width of the glass mirrors placed in the same plane are different to ensure that all the reflected light falls on the flat focal plane or cylindrical focal surface. According to the focusing principle of the concentrator, two experimental system platforms ware built. When a flat focal plane is used to receive radiation from the sun, the intensity distribution of focal plane light spot is uniform in theory.
Results: The CCD measurement method is used to analyze the concentrated light spot under experimental conditions, and it is proved that the energy flux density on the focal plane is uniform. Placing monocrystalline silicon cells on the focal plane, the experimental results of p-v power generation voltammetry show that the power generation efficiency of monocrystalline silicon cell does not decrease due to the uniform solar energy density, which can reach 17.1%. The photothermal experiment is carried out by using one-dimensional tracking mode of sunlight. The concentrator reflects the sun’s rays onto the vacuum collector tubes, heating the heat conduction oil flow in. The thermocouple measures the temperature of the heat conduction oil at the inlet and outlet of the vacuum collector tubes. The experimental photothermal conversion efficiency of this concentrator was analyzed and calculated through multiple groups of photothermal experiments, and compared with the theoretical concentrator efficiency. With two collector tubes in series, the theoretical photothermal conversion efficiency reaches 0.8 and the experimental photothermal conversion efficiency reaches about 0.74.
Discussion: Because of its good concentrating performance and low cost, this type concentrator can be widely used in photothermal and photovoltaic applications.
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1 INTRODUCTION
Excessive use of fossil energy in the process of industrialization leads to frequent environmental pollution problems caused by global warming and climate warming, which seriously threatens the sustainable development of social economy. In response to the international community’s call for an effective response to climate change, countries have predicted their carbon emissions and developed carbon neutrality goals. For example, China is expected to offset all carbon dioxide emissions by 2060 by planting trees, saving energy, and reducing carbon emissions, and South Korea has announced that it will achieve carbon neutrality by 2050 (Derindag et al., 2023; Li et al., 2023; Xu et al., 2023; Yao et al., 2023). The peak and equilibrium of carbon dioxide emissions is a major issue that people all over the world must face in the future. Solar energy is “inexhaustible” and can steadily reduce carbon emissions (Sharma and Bhattacharya, 2020; Hassan et al., 2021; Shepovalova et al., 2021; Zhang et al., 2022a; Zhang et al., 2022b). By concentrating the light, the density of solar energy flow is significantly improved, which can be widely used in the photovoltaic and photothermal systems (Coccia et al., 2021; Tsai, 2022). At present, various concentrators have been applied in solar concentrator systems (Ma et al., 2020; Beltagy, 2021; Sagade et al., 2021; Alnajideen and Gao, 2022; Wang et al., 2022), among which the linear Fresnel reflector (FLR), parabolic trough collector (PTC), solar tower, and solar disk are the most commonly used solar concentrator technologies (Liang et al., 2021; Xiao et al., 2021). The various existing concentrators have their own disadvantages when applied to the photothermal system, such as trough concentrators and dish concentrators, which have complex processing technology and high cost (Sagade et al., 2021; Tsai, 2022). Although the Fresnel lens concentrator is cheap, it has the limitation of making a single large-area product (Ma et al., 2020; Beltagy, 2021; Wang et al., 2022). Therefore, in the field of solar energy utilization, the construction of a low-cost and easy-to-process large concentrated photothermal system is a scientific problem to be solved.
The linear Fresnel reflection solar concentrator proposed in this paper places several glass mirrors in sequence in the same plane and concentrates the sunlight on the cylindrical focal surface through reflection so as to obtain concentrating spots with high energy flow density (Gupta et al., 2021). Compared with a curved reflection concentrator (trough concentrator and disc concentrator), a planar reflection concentrator can obtain uniform energy flow density on the focusing surface, which can be used for photovoltaic power generation (Hu et al., 2011). The glass mirrors adopt a segmented arrangement and has a certain gap between each other, which significantly reduces the wind resistance and improves the safety of the system compared with a single large area of the reflecting surface. At the same time, the smaller single glass mirror reflector has a relatively low production cost and is convenient to install. Therefore, the research of this kind of a concentrator has high practical value.
2 STRUCTURE MODEL OF THE SOLAR CONCENTRATING SYSTEM
The linear Fresnel reflection solar concentrating system is a non-imaging concentrator. By adjusting the position, angle, and width of the reflecting glass mirrors, each mirror superimposed the incident sunlight reflection onto the fixed flat focal plane or cylindrical focal plane. Centering on the vertical projection of the center line of the focal surface, the glass mirrors are arranged on both sides of the same plane and numbered i, and the light reflected by each of the glass mirrors does not block each other.
2.1 Flat focal plane reception model
The structural model depicting the reflection of the Sun’s rays onto the flat focal plane is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flat focal plane reception model of the linear Fresnel reflection solar concentrator.
According to the geometric relationship,
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The parameters of the first glass mirror can be expressed as Eq. 4,
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For ease of design and calculation, this paper presents Eq. 5:
[image: image]
When a、L、b1、θ are known, the width, angle, and position of each glass mirror can be obtained.
2.2 Cylindrical focal plane reception model
The structural model depicting the reflection of the Sun’s rays onto the cylindrical focal plane is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Cylindrical focal plane reception model of the linear Fresnel reflection solar concentrator.
According to the geometric relationship,
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The parameters of the first glass mirror can be expressed as Eq. 9,
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For the same, this paper presents bi = 1/2Wi. When a、r、b1 are known, the width, angle, and position of each glass mirror can be obtained.
2.3 Optical analysis
In order to better analyze the concentrating performance of the concentrator, two dimensionless parameters are introduced in this paper, taking the flat focal plane reception model in Figure 1 as an example.
The geometric concentrating ratio CR is defined as the sum of the areas of all glass mirrors in the direction of the solar ray incident to the area of the focal plane.
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The area utilization ratio k is defined as the sum of the areas of all glass mirrors in the direction of the solar ray incident to the area of the glass mirrors’ mounting area.
[image: image]
where n is the number of mirrors on one side of the concentrator.
The relationship between the concentration ratio CR, the installation angle θ, and the number of mirrors n when L = 25 mm and a = 400 mm is shown in Figure 3. The relationship between the area utilization ratio k, the installation angle θ, and the number of mirrors n is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Variation in concentration ratio CR with θ and n.
[image: Figure 4]FIGURE 4 | Variation in area utilization ratio k with θ and n.
As shown in Figure 3, when the number of glass mirrors n is the same, the smaller or larger the angle θ, the smaller the concentration ratio CR. The maximum concentration ratio is shown at the fitted solid line in the diagram. When θ is approximately equal to 30°, the concentration ratio CR is maximum with the same number of mirrors n.
It can be seen from Figure 4 that the area utilization rate k has a minimum value as the θ value changes. The area utilization rate k is the smallest, and the concentrator ratio CR is the largest. When θ is approximately equal to 30°, the area utilization rate k tends to be minimum with the same number of mirrors n.
With the continuous change in the receiving plane installation angle θ, the change trend between the theoretical concentration ratio CR and the area utilization rate k is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Change trend between CR and k.
As shown in Figure 5, when the area utilization ratio k is approximately 90%, the concentrating ratio CR can reach 12.5. When the concentrating ratio CR reaches 30, the area utilization ratio k will decrease to 60%. In practical applications, the area utilization rate k should be comprehensively considered according to the concentrating ratio CR value that needs to be achieved so as to use the space as much as possible. Reflective mirrors can be arranged on both sides of the center line, compared with the unilateral arrangement, and under the same area utilization rate k, the concentration ratio value can be doubled.
3 PHOTOVOLTAIC EXPERIMENT
Based on the aforementioned theoretical analysis, a set of small concentrating photovoltaic experimental systems was built, with receiving solar cell width L = 25 mm, installation angle θ = 0, and installation height a = 400 mm, as shown in Figure 6. In this experiment, 20 mirrors were arranged on one side.
[image: Figure 6]FIGURE 6 | Picture of the linear Fresnel reflection solar concentrator photovoltaic experimental system.
According to Eqs 1–5, the parameters of the glass mirrors can be obtained by using FORTRAN programming. In order to ensure that the incident rays of sunlight are always perpendicular to the plane where the glass mirrors are installed, a two-dimensional tracking system is adopted in the experimental system (Jiang, 2009).
3.1 Concentrating spot energy flux density
The direct solar energy flux density was measured under experimental conditions by a direct radiation instrument to be 602 W/m2, and the CCD test method (Dai and Liu, 2008) was used to analyze the concentrating efficiency. The test principle of this experiment is to place a Lambert target at the focal plane of the concentrator and obtain the focal spot image on it by using a CCD camera. Then, the relative distribution of the image is given after graying and normalization. Finally, the total average heat flux density is calibrated by a heat flowmeter. Figure 7 shows a CCD photograph of the concentrated light spot.
[image: Figure 7]FIGURE 7 | Picture of the light spot.
Figure 8 shows the energy flux densities of the solar cell focal plane in three directions. It shows that the illumination intensity is evenly distributed in both the width and length directions. The energy flux density at the edge of the focal plane is lower, which is mainly affected by the solid angle of the solar radiation beam. At the same time, the energy flux density under the simulated condition is given by the Monte Carlo ray tracing method (Duffie and Beckman, 2006).
[image: Figure 8]FIGURE 8 | Concentrating spot illumination intensity distribution.
As shown in Figure 8, the dashed line represents the theoretical energy flux density on the focal plane. The solid line is a Gaussian fitting curve of the mean of the measured values, with a regression coefficient R2 of 0.865. The curve fitting effect in regression is good, which can reflect the distribution trend of energy flux density under actual measurement. By comparing the theoretical value and the measured fitting value, it can be seen that the energy flux density of the focal plane under measured conditions is approximately 93% of the theoretical value. The reasons of the error may be the installation error, the cleanliness of the glass mirrors, and the measurement error.
3.2 Photovoltaic characteristics
A 125 mm × 25 mm monocrystalline silicon cell was used to conduct the concentrating photovoltaic characteristic experiment. A rheostat is required to adjust the circuit resistance to change the terminal voltage and circuit current of the solar cell.
According to the data measured during the experiment, the average energy flux density in the focal plane is 3218 W/m2; the open circuit voltage and short circuit current at both ends of the monocrystalline silicon cell are 0.55 V and 4.81 A, respectively; and the maximum output power Pe,cell is 1.72 W, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Photovoltaic characteristics of monocrystalline silicon cells.
According to the fill factor calculation method (Ju et al., 2012), it can be obtained that the fill factor of the monocrystalline silicon cell is 0.65 with solar concentration.
The calculation formula of power generation efficiency of the monocrystalline silicon cell is as follows:
[image: image]
where Acell is the surface area of monocrystalline silicon cells, Ps,c is the energy flux density in the focal plane, and β is the angle between the sunlight incident ray and the normal of the glass mirror mounting plane. During the experiment, the sunlight is incident vertically to the glass mirror installation plane, so we take β = 0.
According to the experimental data, the power generation efficiency of the cell is 17.1%. The results show that the power generation efficiency of the monocrystalline silicon cell does not decrease under the concentrating condition because of the uniform distribution of the concentrating spot energy flux density.
4 PHOTOTHERMAL CONVERSION EXPERIMENT
4.1 Experimental system design and calculation
In order to analyze the heat collection performance of the linear Fresnel reflection solar concentrator, an experimental platform with solar cylindrical collector tubes as radiation receivers was established.
During the experiment, the heat conduction oil flows out of the oil box and passes through the flowmeter for measuring its instantaneous flow rate. The concentrator reflects the Sun’s rays onto the vacuum collector tubes, heating the heat conduction oil flow in. The thermocouple measures the temperature of the heat conduction oil at the inlet and outlet of the vacuum collector tubes. Combined with the solar radiation power received by the collector tubes, the photothermal conversion efficiency of the concentrator was calculated.
4.1.1 Flow calculation
In this experiment system, the heat conduction oil flows through two heat collecting tubes. In order to increase the time for the heat conduction oil to receive solar radiation, the flow velocity of the heat conduction oil should be reduced as much as possible. When the flow velocity is low, the liquid in the pipeline mostly exists in a laminar flow state (Zhang, 1998), and the Reynolds number Re should be satisfied,
[image: image]
where u is the flow velocity of the oil, d is the inner diameter of the pipeline, and νo is the kinematic viscosity of the fluid in the pipeline (unit: m2/s). Therefore, the flow velocity u can be expressed as follows:
[image: image]
The flow rate Q of the fluid in the pipeline can be expressed as follows:
[image: image]
In the experiment, the inner diameter of the vacuum solar collector tube is d = 60 mm. When the temperature of thermal oil is 50°C, the kinematic viscosity νo = 9.022 × 10-5 m2/s and the calculated flow rate Q should be controlled below 8.18 m3/h. When the temperature is 150°C and νo = 8.11 × 10−6 m2/s, Q should be less than 3.19 m3/h. When the temperature increases to 300°C and νo decreases to 1.67 × 10−6 m2/s, Q should be kept below 0.66 m3/h.
4.1.2 Pump head calculation
The pump provides the power required for the flow of heat conduction oil in the loop, including the height pressure h difference required to start the loop, fluid resistance along the loop hf1, and local resistance loss hf2 (Zhang, 1998), where
[image: image]
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In the formula, lt is the total length of the loop pipe, and lt = 20 m. The lower the temperature, the larger the νo, and therefore the larger the hf1, the greater the pump head required. According to the formula, when the temperature of the heat conduction oil is 50°C, hf1<5.6 m. Local resistance loss hf2 comes from the resistance of devices such as bends, oil box, flowmeter, thermometers, and necessary valves and filters. In this experimental system, drag coefficient ζ = 17 (Zhang, 1998), which was substituted into Eq. 17 to obtain hf2<10.5 m. The maximum h is 3.5 m, hf1 is 5.6 m, and hf2 is 10.5 m, so the minimum pump head required by the system platform is approximately 19.6 m.
Combined with the aforementioned analysis, we chose the oil pump head as 20 m, the flow rate as 3 m3/h, and the flow rate test range of the flowmeter as 0.3–3.8 m3/h. The physical picture of the experimental platform is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Physical picture of the experimental platform.
Two collector tubes are used in series: the inner diameter of the collector tube is 2r = 60 mm, the length of one single collector tube is l0 = 1.92 m, the installation height of the collector tube is a = 1.2 m, and the spacing between the two collector tubes is l′ = 0.6 m. The relevant parameters of the reflective mirror can be calculated according to the parameters of the experimental platform. Glass mirrors are arranged on both sides of the collector tube (17 pieces and 18 pieces).
4.2 Photothermal efficiency
4.2.1 Spectral analysis
In practical application, the reflectivity of the glass mirror cannot reach the ideal value, and the transmittance of the glass enclosure and coating absorptivity of the vacuum collector tube also have certain loss. According to the calculation method of reflectivity, transmittance, and absorption rate in the spectral range adopted by Wang et al. (2011), relevant parameters of the glass mirror and collector tube in the experimental system were analyzed and calculated successively.
For glass mirrors, the spectral transmittance can be considered 0, so the sum of absorptivity and reflectance is equal to 1. The solar spectrum is divided into bands, and the average reflectance of the glass mirror ρm is approximately equal to the ratio of the reflected energy of the glass mirror to the solar radiation energy.
[image: image]
where ρλ,m is the reflectivity of the glass mirror when the wavelength is λ and Es(λ) is the solar spectral irradiance.
The ratio of the solar spectral radiation energy to the total solar spectral radiation energy under direct sunlight can be regarded as the spectral transmittance of a certain material. If the absorption ratio of the glass enclosure of the vacuum collector tube is 0, the average transmittance τg can be expressed as follows:
[image: image]
where τλ,g is the transmittance of the glass enclosure of the vacuum collector tube when the wavelength is λ.
The average absorption rate of the collector tube coating αad can be expressed as follows:
[image: image]
where ρλ,ad is the reflectivity of the endothermic coating of the collector tube when the wavelength is λ.
The spectral reflectivity of the glass mirror, the spectral transmissivity of the glass enclosure of the collector tube, and the spectral absorptivity of the absorption coating of the collector tube are shown in Figure 11 under each band (Δλ = 10 nm) within the radiation spectral range (280 nm–2430 nm). In equations (18)–(20), n = 216, λ1 = 280 nm, and λ216 = 2430 nm. Under the standard direct solar spectrum radiation (AM1.5D) (ASTM G 173-03, 2003), the average reflectance of the glass mirror ρm = 94.82%, the average transmittance of the glass enclosure of the collector tube τg = 90.99%, and the average absorption rate of the heat absorption coating of the collector tube αad = 96.78%, as shown in Figure 12.
[image: Figure 11]FIGURE 11 | Spectral reflectivity of the glass mirror, the spectral transmissivity of the glass enclosure of the collector tube, and the spectral absorptivity of the absorption coating of the collector tube.
[image: Figure 12]FIGURE 12 | Reflection spectrum of the glass mirror, transmittance spectrum of the glass enclosure, and absorption spectrum of the coating of the collector tube.
4.2.2 Effective heat collection length
The angle between the sunlight and the normal line of the reflection plane β can be regarded as the solar hour angle.
[image: image]
where N is the number of hours in a day (24 h).
In this experimental system, the length of the radiation coating of a single vacuum collector tube l0 = 1.92 m, the length of the connecting segment between the two collector tubes l′ = 0.6 m, and the installation height of the collector tube a = 1.2 m. Figures 13A–E show the solar rays of the concentrating system reflected at several specific moments. According to the geometry, βa = 74.876°, βb = 64.537°, βc = 57.995°, βd = 26.565°, and βe = 0°.
[image: Figure 13]FIGURE 13 | Effective radiation.
After 12:00 at noon, the effective radiation area is opposite to that in the morning position, and the value of β is consistent with that recorded in the morning. According to the different incident angle, the effective heat length l can be expressed as follows:
[image: image]
The ratio of the effective heat collection length to the total length of the radiation coating is defined as the heat collection length utilization rate ηc,
[image: image]
4.2.3 Theoretical photothermal conversion efficiency
Sun Shoujian’s research on straight-through vacuum collector tubes (Sun, 2009) reveals the emissivity of high-temperature selective absorption coating Cu/Cr-Ni-A1-N/A1N to be εad ≤ 0.15 (350°C).
Considering that the plane reflection frame is partially blocked in the direction of sunlight incidence and the radiation energy of sunlight directly irradiating on the vacuum collector tube, the theoretical photothermal conversion efficiency of the concentrator ηt,th can be approximated, given the reflectivity of the glass mirrors ρm, the transmittance of the glass enclosure of the vacuum collector tube τg, the absorption rate of the selected absorption coating αad, and the emissivity of the collector tube coating εad (Kalogirou, 2004; Xiong et al., 2009; Singh et al., 2010; Xiong et al., 2010; Xie et al., 2011).
[image: image]
where Is represents the solar direct radiation intensity, Pm is the radiation power received by the glass mirror in the direction of sunlight incidence, Pc is the effective radiated power received by the collector tube, and Eb,T is the full wavelength radiant energy exchanged between the blackbody per unit surface area and the environment.
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In the aforementioned formula, Tout is the outlet temperature of the vacuum collector tube, T0 is the ambient temperature, and T0 = 298 K. σ is the Stefan–Boltzmann constant.
Figure 14 shows the variation rule of theoretical photothermal conversion efficiency at 12:00 noon (β = 0°) with collector heat temperature Tout and solar direct radiation intensity Is. As can be seen from the figure, when solar radiation intensity Is is constant, the theoretical photothermal conversion efficiency ηt,th decreases gradually with the increase in heat collector temperature Tout. For the same collector temperature Tout, the higher the radiation intensity received by the collector tube, the greater the theoretical photothermal conversion efficiency ηt,th. When the radiation intensity received by the collector tube is lesser and the heat collection temperature is higher, the efficiency ηt,th is smaller. For example, when the temperature of the heat conduction oil is 240°C and the solar radiation energy flow density is 200 W/m2 (the radiation power received by the collector tube is 1569 W), the theoretical efficiency ηt,th is only approximately 0.64. Therefore, the heat collection oil temperature should not be too high in practical applications.
[image: Figure 14]FIGURE 14 | Theoretical photothermal conversion efficiency (β = 0°).
4.2.4 Experimental photothermal conversion efficiency
In this experimental system, it takes very less time for the heat conduction oil element to travel from the inlet to the outlet of the collector tube, so β can be regarded as constant, and so can the effective heat collection length. The outlet temperature Tout experiences less change in a short time, and the inlet and outlet temperature of the collector tube at the same time can be approximately regarded as the temperature of the same liquid microelement flowing through the inlet and outlet of the collector tube. The experimental photothermal conversion efficiency of the concentrator ηt can be expressed as the ratio of the heat stored by the temperature rise of the heat conduction oil in the system loop to the total amount of incident solar light received by the vacuum collector tube (Singh et al., 2010; Hou et al., 2011).
[image: image]
where ρo is the density of heat-conducting oil, cp is the specific heat capacity of heat-conducting oil, Qt is the instantaneous flow value measured by the flowmeter, and Tout and Tin are the outlet and inlet temperatures of the vacuum collector tube, respectively.
4.3 Experimental analysis
4.3.1 General experiment
The direct solar energy flux density was measured by direct radiometer TBS-2–2 (Jinzhou Sunshine Meteorological Technology Co., LTD.). During the experiment, the heat conduction oil flows out of the oil box and passes through the flowmeter for measurement of its instantaneous flow rate. The concentrator reflects the Sun’s rays onto the vacuum collector tubes, heating the heat conduction oil flow in. The thermocouple measures the temperature of the heat conduction oil at the inlet and outlet of the vacuum collector tubes. Combined with the solar radiation power received by the collector tubes, the photothermal conversion efficiency of the concentrator was calculated.
A number of experiments were conducted under different flow rates and direct solar energy flow densities. The fitting curves of experimental data and photothermal conversion efficiency are shown in Figures 15–17.
[image: Figure 15]FIGURE 15 | Theoretical and experimental photothermal conversion efficiency (group 1).
[image: Figure 16]FIGURE 16 | Theoretical and experimental photothermal conversion efficiency (group 2).
[image: Figure 17]FIGURE 17 | Theoretical and experimental photothermal conversion efficiency (group 3).
As can be seen from the experiments, the higher the average radiation power that the collector tube receives in a day, the higher the maximum heat collection temperature it can reach. The heat collection temperature begins to decline at about 13:00. The higher the average radiated power is, the later the temperature begins to decrease.
The higher the temperature is, the greater the radiation of the collector tube is, and the experimental and theoretical photothermal conversion efficiency both decrease. After 15:00, the effective heat collection length of the heat collection tube gradually decreases, and the efficiency decreases obviously. With the same average energy flow density and the different flow rates (the flow rate in Figure 15 is approximately 1.05 m3/h and approximately 0.75 m3/h in Figure 17), and the heat collection efficiency is basically the same, which is approximately 0.74. Therefore, the flow rate has little effect on the photothermal conversion efficiency of the concentrator. As shown in Figure 16, the collector tube receives the highest radiation intensity, reaches the highest peak temperature, and the radiation power of the collector tube coating is also the largest, but the photothermal conversion efficiency can still be maintained at approximately 0.74. Therefore, it can be inferred that at the same heat collection temperature, the higher the radiant energy flow density is, the higher the heat collection efficiency of the system will be, which is consistent with the theoretical efficiency analysis result in Figure 14. As shown in the three groups of figures, the theoretical heat collection efficiency can be maintained above 0.8 before 15:00, but the experimental heat collection efficiency is relatively low, which is due to the dust in the glass mirrors and the glass enclosure of the heat collecting tube, experimental installation error, and insufficient mixing of heat conduction oil in the heat collecting tubes.
Because the reflectivity of the glass mirrors ρm, the transmittance of the glass enclosure of the vacuum collector tube τg, and the absorption rate of the selected absorption coating αad are less than 1, all of the sunlight received by the concentrator cannot be incident on the collector tube coating, and a part of the heat is lost. The high temperature collector tube radiates heat to the environment, and another part of heat is lost. Therefore, the theoretical photothermal conversion efficiency and experimental photothermal conversion efficiency of the concentrator are less than 1.
Using second-order exponential fitting, the experimental conversion efficiency fitting curve was obtained. The change trend of the fitting curve and the theoretical conversion efficiency curve is basically the same, and the fitting effect is good. By comparing the theoretical value with the experimental fitting value, the experimental conversion efficiency is approximately 90% of the theoretical conversion efficiency. The reasons for the experimental error are the glass mirror installation error, a small amount of dust on the glass mirrors and the glass cover of the collector during the experiment, and the radiation rays received on the focal surface of the cylinder being less than those in the theoretical state.
4.3.2 High-temperature experiment
Limited by the experimental site, the number of collector tubes connected in series is only 2. The heat conduction oil circulates in the collector tube, receives solar radiation for a short time, and cannot reach a high heat collection temperature. In order to better analyze the heat collection performance of the linear Fresnel reflector, it is necessary to study the photothermal efficiency under high-temperature conditions.
In the heat collection experiment, the system power drive equipment (motor; pump) and the valve device in the loop pipeline are closed so that the heat transfer oil in the collector tube is in a static state and the temperature of the heat transfer oil can be rapidly increased in a short time. The photothermal conversion efficiency can be expressed as follows:
[image: image]
where dt is the duration of the static state of the heat conduction oil in the collector tube, and dT is the temperature rise of the heat conduction oil in the vacuum collector tube within dt time.
In this paper, the experiment is shown to be carried out at around 12:00 noon, and dt was taken as 3 min. At this time, the collector tube could basically receive all the solar radiation reflected by the concentrator, and β could be approximately considered unchanged. The east and west ends of the collector tube were selected as temperature measuring points, and two groups of experiments were carried out. Experimental data and fitting curves of photothermal efficiency are shown in Figure 18 and Figure 19.
[image: Figure 18]FIGURE 18 | Photothermal conversion efficiency at the east end of the collector tubes.
[image: Figure 19]FIGURE 19 | Photothermal conversion efficiency at the west end of the collector tubes.
As shown in Figures 18, 19, the average irradiation intensity of the two groups of experiments is basically the same. The photothermal conversion efficiency of the measuring point at the west end of the collector tube at high temperature is approximately 0.45, and the efficiency of the measuring point at the east end of the collector tube is approximately 0.53. Compared with the theoretical photothermal conversion efficiency is lower. There is no stop valve at the west end of the collector tube, and there is a heat conduction phenomenon between the temperature measuring point and the heat conduction oil in the loop pipe during the heat collection, so the photothermal conversion efficiency is lower than that at the east end of the collector tube. By comparing with Figures 15–17, it can be seen that as the temperature continues to increase, the photothermal conversion efficiency gradually decreases. The reason is that the transmitting power of the collector tube coating increases at high temperature and more energy is lost. In the application of photothermal power generation, the heat loss under high-temperature conditions should be fully considered.
5 CONCLUSION
In this paper, a new linear Fresnel reflection solar concentrating system is proposed, the characteristics of the concentrator are analyzed according to the specific structure of the concentrator, and two small experimental systems are established according to the design principle.
The experimental results of the flat focal plane reception system show that this type of concentrator can obtain the concentrator spot with uniform intensity distribution on the focal plane. Through testing the voltammetric characteristics of monocrystalline silicon cells under the condition of concentrating light, it has also been found to have high power generation efficiency. Therefore, this type of concentrator is applied to the field of photovoltaic power generation, which can save a lot of solar cell components. In the photothermal experiment, a double-tube heat collector is used. By analyzing the heat collection efficiency of the concentrator under the condition of placing two collector tubes in series, it can be obtained that the heat collection efficiency of the concentrator system can reach approximately 0.74 when the heat collection temperature is below 120°C. The heat collection efficiency of the system decreases with the increase in temperature, but the flow of heat conduction oil in the system loop has little effect on the heat collection efficiency. At the same heat collection temperature, the greater the radiant energy flow density, the higher the heat collection efficiency. In general, the linear Fresnel reflection solar concentrator has high heat collection efficiency. Through the high-temperature heat collection experiment, it can be seen that as the temperature continues to increase, the photothermal conversion efficiency gradually decreases. In practical applications, the length of the heat collecting area should be increased as much as possible, and the heat collecting time of heat-conducting oil in the heat collecting tube can be extended, and the temperature can quickly meet the requirements of industrial application.
It should be noted that the experiment presented in this paper is carried out under specific conditions. The experimental results may be slightly different under other different experimental conditions. For example, the measurement accuracy of direct radiation instruments, sensitivity of temperature sensors, and ambient temperature will have a certain impact on the experimental results. When the number of single-side glass mirrors is 15–20, the area utilization rate will not be too small while maintaining a high concentration ratio. Therefore, in the photovoltaic experiment and photothermal experiment platform in this paper, the number of single-side mirrors of the concentrator is not more than 20. In practical application, the experimental model can be referred to.
This type of solar concentrator uses smaller glass mirrors as a reflecting surface, compared with a large area of the parabolic trough reflection surface; its cost is relatively low; and installation is also more convenient. At the same time, the characteristics of concentrating uniformity can be directly applied to photovoltaic power generation, which is also a feature that other solar concentrators do not have. So, the linear Fresnel reflection solar concentrator has higher practical application.
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‘The width below the mounting plane of number 7 glass mirror
‘The angle with the plane of number i glass mirror

The distance between the installation point and the center line of number i
glass mirror

‘The width of the flat focal plane

‘The installation angle of the flat focal plane

‘The radius of the cylindrical focal surface

‘The installation height of the flat focal plane or cylindrical focal surface
The geometric concentration ratio

‘The area utilization ratio

‘The number of glass mirrors

Maximum output power of the monocrystalline silicon cell
Power generation efficiency of the monocrystalline silicon cell
Surface area of the monocrystalline silicon cells

‘The energy flux density in the focal plane

The angle between the sunlight incident ray and the normal line of the
reflection plane

Reynolds number

Flow velocity of the oil in the pipeline

Kinematic viscosity of the fluid in the pipeline

Inner diameter of the pipeline

Flow rate of the fluid in the pipeline

Fluid resistance along the loop of the experimental system

Local resistance loss of the experimental system

The total length of the loop pipe

Loop drag coefficient

Length of one single collector tube

The spacing between the two collector tubes

The reflectance of the glass mirror

The transmittance of the glass enclosure of the vacuum collector tube
The absorption rate of the collector tube coating

Effective heat collection length

Heat collection length utilization rate

Theoretical photothermal conversion efficiency of the concentrator
Solar direct radiation intensity

‘The radiation power received by the glass mirror in the direction of sunlight
incidence

The effective radiated power received by the collector tube

‘The full wavelength radiant energy exchanged between the blackbody per unit
surface area and the environment

Outlet temperature of the vacuum collector tube

Inlet temperature of the vacuum collector tube

Ambient temperature

The Stefan-Boltzmann constant

Experimental photothermal conversion efficiency of the concentrator
Density of heat-conducting oil

Specific heat capacity of heat-conducting oil

‘The instantaneous flow value measured by the flowmeter
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