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1-Introduction

Radiative cooling is a promising strategy to dissipate excess heat in many energy conversion technologies such as the solar cell (photovoltaic (PV)) system [START_REF] An | Radiative cooling of solar cells: opto-electro-thermal physics a modeling[END_REF][START_REF] Underwood | A thermal model for photovoltaic systems[END_REF][START_REF] Safi | Improving photovoltaic performance through radiative cooling in both terrestrial and extraterrestrial environments[END_REF][START_REF] Li | A comprehensive photonic approach for solar cell cooling[END_REF][START_REF] Zhu | Radiative cooling of solar cells[END_REF], the thermophotovoltaic (TPV) system [START_REF] Zhou | Radiative cooling for thermophotovoltaic systems[END_REF], and the thermoelectric generator [START_REF] Fan | Maximal nighttime electrical power generation via optimal radiative cooling[END_REF], directly into the clear sky via mid-infrared radiation. The radiative cooling devices consist of a selective emitter that operates at ambient temperature and can achieve below-ambient cooling by using the atmospheric transparency window (8-direct sunlight [START_REF] Raman | Passive radiative cooling below ambient air temperature under direct sunlight[END_REF][START_REF] Catalanotti | The radiative cooling of selective surfaces[END_REF][START_REF] Mabchour | Daytime radiative cooling purposes with selective multilayer design based on Ta2O5[END_REF]. The broadband cooling emitters are usually used above ambient conditions, where they can overcome the absorbed atmospheric radiation with radiated power due to their blackbody emission [START_REF] Zahir | Daytime radiative cooler using porous TiO2: new approach[END_REF][START_REF] Fu | Daytime passive radiative cooler using porous alumina[END_REF][START_REF] Kong | Ultra-broadband all-dielectric metamaterial thermal emitter for passive radiative cooling[END_REF]. To achieve high performance daytime radiative cooling, several studies have been realized with different materials, Chae et al. [START_REF] Chae | Spectrally selective inorganic-based multilayer emitter for daytime radiative cooling[END_REF] proposed a daytime radiative cooler with a simple multilayer structure of inorganic materials of , , and , the experimental test showed that the optimized radiative cooler can reduce the temperature by up to 8.2 °C under direct sunlight. Kim et al. [START_REF] Kim | Optimization and performance analysis of a multilayer structure for daytime radiative cooling[END_REF] elaborated an optimized multilayer structure of repeatedly stacked , , and , to enhance the mid-IR emission and reduce the absorption in the wavelength range ( ), the optimized radiative cooler achieves a net cooling power of , °C in daytime at air-mass 1.5 conditions. Yang et al. [START_REF] Yang | A dual-layer structure with record-high solar reflectance for daytime radiative cooling[END_REF] developed a two-layer structure based on 0.24mm thick PTFE and an Ag reflector, this structure can achieve a very high reflectance of about 0.991 in the solar spectrum, and a high emittance of about 0.9 in the mid-infrared region. Kecebas et al [START_REF] Kecebas | Spectral Emissivity Profiles for Radiative Cooling[END_REF] investigated and analyzed the role of environmental factors (ambient temperature and degree of thermal insulation from the environment) on spectral emissivity distributions by using different optical materials to maximize the cooling power and minimize the equilibrium temperature. Due to its optical properties, vanadium dioxide has been used for adaptive radiative cooling applications. Taylor et al [START_REF] Taylor | Vanadium dioxide based Fabry-Perot emitter for dynamic radiative cooling applications[END_REF] proposed a Fabry-Perot emitter made of a thin film and an opaque aluminum substrate to achieve a high emissivity in the first atmospheric window (8-13µm). Didari et al [START_REF] Didari-Bader | Adaptive plasmonic metasurfaces for radiative cooling and passive thermoregulation[END_REF] investigated the performance of two nanophotonic structures. A thin layer of unpatterned or patterned is incorporated in each design to enable the desired thermal switching between the hot state (T >68°C) and the cold state (T < 68°C). The structures achieve high reflectivity within the solar spectrum ( ) and simultaneously high absorption within the atmospheric transparency window ( ) in the hot state. In the other work, Didari et al [START_REF] Didari | A biomimicry design for nanoscale radiative cooling applications inspired by Morpho didius butterfly[END_REF], designed a metamaterial system by modifying the palm tree-like structure with periodic multilayer films separated by nanoscale gaps. The spectrally selective enhancement resulting from geometric variations, the spatial location of the source, and the material properties, increased the heat flux in the infrared region of the spectrum. Another approach used a single material with a surface morphology with a specific periodic pattern. The Saharan silver ant is a typical biological example of diurnal radiative cooling [START_REF] Shi | Keeping cool: Enhanced optical reflection and radiative heat dissipation in Saharan silver ants[END_REF]. The hierarchical photonic architectures of the hairs improve the reflectivity in the visible and near-infrared, and the emittance in the mid-infrared spectral range, thereby reducing the body temperature of the silver ants through radiative cooling. In recent years, several studies have shown that the radiative cooling approach can be applied to solar cells to achieve sub-ambient operating temperatures. In a recent work [22], one of us contributed to the development of a solar cell/radiative cooling hybrid design based on porous TiO2 to improve the solar cell performance. The reduction of the operating temperature in such a design was about 18K. Another theoretical study conducted by Zhu et al. [START_REF] Zhu | Radiative cooling of solar cells[END_REF], based on a photonic crystal showed that the radiative cooling design achieves cooling up to 18.3K. Experimental cooling of 13K has also been measured [START_REF] Zhu | Radiative cooling of solar absorbers using a visibly transparent photonic crystal thermal blackbody[END_REF]. Wu et al., [START_REF] Wu | Solar heating of GaAs nanowire solar cells[END_REF] demonstrated that the GaAs nanowire-based PV cell can enhance the radiative cooling and reduce the operating temperature by nearly . The operating principle of a solar cell is the same as that of a TPV cell. The two devices differ only in the source of the irradiance spectrum; the sun for the solar cell and a thermal emitter at high-temperatures for the TPV cell. The TPV systems have attracted much interest as a potential energy conversion technology and could indeed benefit greatly from the radiative cooling approach to reduce their operating temperature. To date, few studies have investigated the effect of passive radiative cooling on the performance of a TPV system. Zhou et al. proposed a low-iron soda-lime photonic crystal-based passive radiative cooler (PRC) to improve the conversion efficiency of the TPV cell [START_REF] Zhou | Radiative cooling for thermophotovoltaic systems[END_REF]. The area ratio between the PV cell and the PRC was a key factor in this study to achieve an 18% improvement over the reference. Blandre et al., [START_REF] Blandre | New insights into the thermal behavior and management of thermophotovoltaic systems[END_REF] studied the effect of the PRC and the radiator emission (high temperature thermal emitter) on the performance of the TPV system with mitigating thermal effects. It was concluded that radiative cooling ca the TPV system without adjusting the emissivity of the radiator. Other studies, both theoretical and experimental, have succeeded in improving the efficiency of the TPV systems by increasing and controlling the emittance of the thermal emitter in the TPV system, using photonic crystals [START_REF] Chirumamilla | Multilayer tungsten-alumina-based broadband light absorbers for high-temperature applications[END_REF][START_REF] Blandre | Spectrally shaping high-temperature radiators for thermophotovoltaics using Mo-HfO2 trilayer-on-substrate structures[END_REF], selective emitters [START_REF] Pfiester | Selective emitters for thermophotovoltaic applications[END_REF], and metamaterial structures [START_REF] Chirumamilla | Metamaterial emitter for thermophotovoltaics stable up to 1400 C[END_REF]. In order to improve the performance of the TPV system, we have designed a TPV-PRC system which can be used as an attractive way to achieve a high efficiency of the proposed TPV cell. Our design consists of a high temperatures selective emitter based on a metamaterial placed opposite to a GaSb-based PV cell that is characterized by a bandgap energy of 0.72eV [START_REF] Ferguson | Theoretical study of GaSb PV cells efficiency as a function of temperature[END_REF]. The metamaterial thermal emitter (MTE) emits very close to the ideal emitter in the wavelength range of 0.8the GaSb PV cell, and generates a huge photon flux through the vacuum to the TPV cell, especially at high temperatures. We will show that the newly developed MTE generates high power density that can be converted into electrical energy. In addition, we will develop a new PRC that emits strong mid-infrared radiation through the 8--Section 5 why the PRC could be a more practical and scalable solution to achieve high conversion efficiency. For example, when the area ratio between the PV cell and the PRC is 20, our simulation has demonstrated a thermalto-electrical power conversion efficiency of at a realistic MTE temperature of . In addition, the operating temperature of the PV cell was reduced by .

2-System modeling

The proposed structure consists of a TPV cell combined with a PRC. Figure 1 shows our design of the TPV-PRC system. The latter consists of three main elements as follows: 1) A MTE composed of seven cavities that are put between top and bottom layers of 75nm thickness each. Each cavity is made of two 15nm thick layers of Tantalum ( ) separated by a 150nm thick layer. The ensemble is supported by a Ta substrate. has a melting temperature point above and is widely used for high temperature applications [START_REF] Dh | A review on the joining of SiC for high-temperature applications[END_REF]. On the other hand, has has been shown to be thermally stable under vacuum conditions and at high temperatures [START_REF]High-temperature stability and selective thermal emission of polycrystalline tantalum photonic crystals[END_REF]. The optical constants of and are taken from Palik s handbook [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. We arrived at this design for the MTE by trial and error approach, taking advantage of our experience in manipulating the radiative properties of selective emitters [START_REF] Drevillon | Ab initio design of coherent thermal sources[END_REF][START_REF] Nefzaoui | Selective emitters design and optimization for thermophotovoltaic applications[END_REF][START_REF] Hervé | Radiative cooling by tailoring surfaces with microstructures: Association of a grating and a multi-layer structure[END_REF]. The MTE absorbs waste heat and re-emits thermal radiation towards to a PV cell. 2) A 10µm thick layer with a low bandgap of eV at room temperature is chosen as the PV cell for this study. Its optical properties are measured by normal incidence reflectance using ellipsometry, are taken from reference [37], and modeled as being independent of temperature. Its external quantum efficiency (EQE) at 300K, shows a very good agreement with the MTE emissivity (Fig 2(a)), which will allow it to receive a higher radiant power density. The PV cell absorbs thermal radiation (photons) from the and converts it into electrical energy.

3) The PRC can dissipate the heat generated by the operating TPV cell, by emitting its infrared radiation. Thus, it helps to further push the limits of the TPV cell power conversion efficiency. Given that TPV systems typically operate in a vacuum, the MTE and the PV cell are assumed to be enclosed in a vacuum chamber [START_REF] Zhou | Radiative cooling for thermophotovoltaic systems[END_REF]. In the following, we use the matrix formulation method [START_REF] Yeh | Optical Waves in Layered Media[END_REF][START_REF] Macleod | Thin Film Optical Filters[END_REF] to calculate the optical properties of one single Ta/SiC/Ta cavity, the proposed MTE, and the flat emitter. Figure 2(a) shows the emissivity/absorptivity of the designed MTE under normal incidence compared with the emissivity of the single cavity and the flat . Our MTE exhibits a good spectral emissivity close to the one of an ideal emitter in the wavelength range and shows an excellent match with the EQE of the GaSb cell [START_REF] Fraas | Fundamental characterization studies of GaSb solar cells[END_REF]. The high average emissivity below the cutoff wavelength is about and the low reflectivity is calculated using the energy balance principle and according to Kirchhoff law of thermal radiation [START_REF] An | Radiative cooling of solar cells: opto-electro-thermal physics a modeling[END_REF] . Most of the photons emitted by the designed MTE should be absorbed by the PV cell. The radiated power density of each thermal emitter is expressed by [START_REF] Silva-Oelker | High-temperature tungsten-hafnia optimized selective thermal emitters for thermophotovoltaic applications[END_REF]:

where is the spectral hemispherical emissivity, = is the solid angle, and is the reflectance of the PV cell. The spectral radiance of a blackbody (BB) at the emitter temperature , is given by: where is the speed of light, is Boltzmann constant and is Planck constant. As can be seen in Fig 2(b), the radiated power density at high temperature is much higher in the case of the MTE than in the case of the flat emitter and each curve presents a radiated power density peak below the cutoff wavelength . The maxima are and for the MTE and flat emitter, respectively. We note that the radiated power density observed after can increase both the heat generation and the operating temperature of the PV cell. This impact of the heat source on the operating temperature can be reduced using a PRC placed on the bottom of the TPV cell.

There are other factors that affect the performance of the TPV cell such as the polarization and the directional behavior of the thermal radiation. We have investigated the effect of the incident angle on the spectral emissivity of our designed MTE. Figure 3 shows contour plots of the spectral emissivity(absorptivity) of the proposed MTE for both transverse electric (TE) and transverse magnetic (TM) polarizations, as functions of the incident angle and wavelength. For both TE and TM polarizations, the maximum of the spectral emissivity can be found in the range of and decreases abruptly beyond the cutoff wavelength of , which gives a perfect match with the EQE of the GaSb cell at 300K. In addition, the designed MTE also exhibits high spectral emissivity in the range even at large incident angles up to 80° in the case of TM polarization and up to 60° for the case of TE polarization. Consequently, our designed selective MTE can maximize the power conversion efficiency of the TPV system. 

3-Electrothermal model and TPV Performance

To evaluate the performance of the TPV system, we consider the GaSb PV cell to be placed in contact with a silver plate substrate for heat dissipation. As mentioned above, this cell has a bandgap ( at and an infrared absorption spectrum extending up to . decreases as a function of temperature. However, the rate of decrease is less than 5% for a 100K increase in the PV cell temperature [START_REF] Vadiee | Temperature dependence of GaSb and AlGaSb solar cells[END_REF]. Therefore, it is reasonable to assume that remains constant over such a temperature variation range, and this is what we consider in the present study. According to the energy balance of the system, the power conversion efficiency of the TPV cell is defined as the ratio of the output electrical power ( ) to the total input thermal power ( ):

Where the total input heat power is:

The output electrical power density per unit area from the TPV cell is:

is the short circuit current density and is the open-circuit voltage, given, respectively, by [START_REF] Vadiee | Temperature dependence of GaSb and AlGaSb solar cells[END_REF]:

where is the fill factor [START_REF] Breitenstein | Understanding the current-voltage characteristics of industrial crystalline silicon solar cells by considering inhomogeneous current distributions[END_REF], is the elementary charge of an electron, is the EQE. The saturation current density is estimated using the expression [START_REF] Fraas | Fundamental characterization studies of GaSb solar cells[END_REF]:

where is the PV cell temperature.

The PV cell is characterized not only by a voltage or a current , but also by a full current-voltage characteristic, where the operating point is determined by the required current and by the load, the electrical power for a constant current is:

where is the sum of the electron and hole currents in a PV cell. In the presence of the series resistance and the shunt resistance , the PV cell equation is given as [START_REF] Franzitta | Assessment of the usability and accuracy of the simplified one-diode models for photovoltaic modules[END_REF]:

Where is the ideality factor of the cell.

In the case of a short circuit, the cell current is equal to and the power is zero. As the load increases, the also increases reaches its maximum at maximum power located the current and the voltage . At zero load, the current decreases rapidly to zero, and the voltage . Figures 4 (a,b)

show the characteristics of the PV cell and the corresponding electrical power evolution as the voltage increases for a MTE temperature ranging from 1000K to 1800K. increases from to when the temperature of the MTE varies from to . To compare the performance of our MTE with that of the Ta/SiC/Ta single cavity and flat emitters, the key performance parameters such as , , , and the power conversion efficiency were calculated at

. Table 1 summarizes the obtained values of these parameters. We find that the MTE has values of , and that are greater than those of the single cavity and flat emitters. This result was expected since the emissivity of the MTE is very close to unity in the wavelength range. We illustrate in Figs 5(a) and 5(b), the computed behaviors as functions of the emitter temperature between 1000K and 1800K, of the output electrical power density and the power conversion efficiency of the TPV cell in the case of the designed MTE, the single Ta/SiC/Ta cavity and the flat emitters. The MTE leads to a higher than the single cavity and the flat emitter over the whole temperature range considered. In our MTE structure, we have a very good Pout at higher temperatures because this structure has a very good spectral matching with the EQE of the GaSb PV cell, which results in a significant improvement of of the TPV system. 

Structure

4-Optical properties of the passive radiative cooler

The PRC we designed consists of an optical structure which is composed of a double-layer coating; 30µm of and 50µm of deposited on a Silver (Ag) film. As for the case of the MTE, the design of the PRC was achieved by using a trial-and-error procedure. Our design can reflect solar radiation and strongly emit mid-infrared radiation through the atmospheric window under direct sunlight. The optical constants of and are taken from [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF] and those of Ag are taken from reference [START_REF]Optical dielectric function of silver[END_REF]. and show an auxiliary thermal radiation emissivity in the atmospheric window 8-13µm which ensures the overall cooling effect of the TPV system. They are also characterized by a small extinction coefficient in the solar spectral range of 0.3-2.5µm with a low parasitic heat absorption. The Bruggeman medium theory [START_REF] Bruggeman | Dielectric constant and conductivity of mixtures of isotropic materials[END_REF] is applied to estimate the effective dielectric function of over the wavelength range . The model is based on the following equation: where and are the complex dielectric functions of and , respectively. denotes the volume fraction of in the matrix and is the depolarization factor related to the shape of the inclusions. In this study, we assume which describes spherical shaped MgF2 inclusions [START_REF] Bruggeman | Dielectric constant and conductivity of mixtures of isotropic materials[END_REF]. We use the transfer matrix method [START_REF] Yeh | Optical Waves in Layered Media[END_REF][START_REF] Macleod | Thin Film Optical Filters[END_REF] to calculate the optical properties and optimize the volume fraction for the proposed PRC. The validity of this method with the experimental data was presented in our previous work [START_REF] Zahir | Daytime radiative cooler using porous TiO2: new approach[END_REF]. A comparison between the calculated and measured emissivity/absorptivity of a thin film coatings was demonstrated, and a strong correlation between the experimental and simulation results was found. Figure 6 shows the calculated emissivity (absorptivity) spectrum of the proposed PRC structure as a function of the incident for different volume fractions f of in the SiO2 matrix. We also show the result of an silica layer on the same Ag substrate. Figure 6(a) shows the case of a normal incidence and TE polarization while Figure 6(b) shows the case of an oblique incidence (

) and TM polarization. For both TE and TM polarizations, a significant enhancement of the emissivity spectrum is achieved by increasing of the in the range . In the wavelength range, the emissivity is close to unity since both the and exhibit a high emissivity in this range. In the case of a pure silica layer deposited on a Ag substrate, two dips are observed at and corresponding to the phonon polariton resonances of silica [START_REF] Zhu | Radiative cooling of solar cells[END_REF]. On the other hand, and according to Kirchhoff's law, our design reflects most incident photons coming from the irradiance of the sun for both TE and TM polarizations in the solar spectral range . The second parameter that can affect the spectral emissivity of our PRC is the angle of incidence of the solar radiation. Figures 7(a) and 7(b) show the calculated spectral emissivity (absorptivity) as a function of the wavelength for different angles of incidence for both polarizations TE and TM at the optimal volume fraction . The designed PRC manifests very low absorptivity in the wavelength range which is also independent of the angle of incidence of the solar radiation. On the other hand, we obtain a high emissivity over the first sky window at normal incidence. However, this emissivity decreases significantly and rapidly in the second sky window for both polarizations. In the case of TE polarization (Fig 7(a)), we see that increasing the angle of incidence leads to a degradation of the emissivity in both sky windows, since this emissivity is proportional to the cosine of the angle between the direction of the incident photon and the normal direction of our design [START_REF] Macleod | Thin Film Optical Filters[END_REF]. Therefore, the normal incidence is the optimal angle at which the maximum cooling could be provided by the double coating. In the case of TM polarization (Fig 7(b)), the PRC shows a similar behavior as in case of TE polarization case but with an emissivity that remains close to unity in the range of for incidence angles between and . We also notice that the effect of the angle of incidence on the second sky window is relatively less pronounced in comparison to the TE polarization case. Due to the small temperature variation in the horizontal direction of our designed TPV-PRC system, heat transfer process occurs mainly in the cross-plane direction. Hence, in order to analyze the cooling performance of such a system, we use a 1D thermal model. Fig 8 illustrates the schematic representation of this model. The Ag plate acts as a substrate for the TPV-PRC system and is considered a perfect thermal conductor with an optimized thickness [START_REF] Hervé | Radiative cooling by tailoring surfaces with microstructures: Association of a grating and a multi-layer structure[END_REF]. The MTE temperature inside the TPV system is . The PRC is exposed to daytime at ambient temperature . The solar irradiance spectrum and the atmospheric transmittance data where is the radiative power density from the MTE absorbed by the PV cell and is the radiative power density emitted by the PV cell [START_REF] Safi | Improving photovoltaic performance through radiative cooling in both terrestrial and extraterrestrial environments[END_REF].

5-Thermal model of the TPV-PRC system

is the maximum electrical power density generated by the PV cell. We first investigate the effect of the parameter area ratio between the PRC and the PV cell. is defined for an equilibrium state of the TPV-PRC system, where the net power is . By rearranging the power densities and surfaces and , we easily show that is given by Eq. ( 20). As we shall see next, impacts tremendously the operating temperature and power conversion efficiency of the TPV cell. Large values of this parameter can indeed, lead to a below ambient temperature cooling and improve the TPV conversion efficiency. Besides, by considering the small thickness of the Ag plate and its high thermal conductivity, we could assume that the PRC and the PV at the same temperature ( . Figure 10 reports the calculated power conversion efficiency of TPV-PRC system a function of the area ratio where we assume that the convection heat exchange coefficient to be non negligeable on the top surface of the system and on the bottom surface (Fig 8). We can observe that the TPV-PRC conversion efficiency increases monotonically with and its maximum would be reached for . Figures 11(a) and 11(b) report, respectively, the calculated behaviors of the operating temperature of the PV cell and the TPV power conversion efficiency with and without the PRC for an area ratio at fixed . By increasing the area , the operating temperature of the PV cell both cases, without and with the PRC, decreases which leads to an increase of the power conversion efficiency of the TPV system. When the area ratio is , the operating temperature difference between the PV cell without and with the approaches and the power conversion efficiency increases from to . Our designed PRC emits mid-infrared radiation through the atmospheric windows in a close manner to an ideal cooler and achieves below-ambient cooling when the area ratio . At this ratio, the temperature of the PV cell drops by 19K compared to the case without the PRC, whereas the power conversion efficiency increases by approximately and exceeds the optimal value calculated when the operating temperature is set equal to the ambient temperature . The performance of the TPV system tends to stabilize for values of the area ratio Since the top and the bottom surfaces of our designed TPV-PRC system are exposed to sky, the performance of the device can be influenced by the weather conditions: humidity and wind. The convection cooling due wind is expressed by the convection heat exchange coefficient . It can lower the operating temperature of the TPV system. Figures 12(a) and 12(b) illustrate, respectively, the calculated behaviors of the operating temperature of the PV cell and the power conversion efficiency of the TPV system with and without the PRC, as functions of at a fixed area ratio . and manifest similar tendencies to those of Fig 11. By increasing , decreases in both cases with and without the PRC and consequently increases. The results of Fig 12 show clearly how important is the effect of the convection cooling on the whole performance of the TPV-PRC system. By increasing , the convection cooling becomes dominant and overshadows the effect of the PRC. The difference between the cases with and without the PRC reduces by increasing and the results seem to start stabilizing for values of . 

Conclusion

We presented a TPV-PRC energy conversion system that includes a high temperature metamaterial thermal emitter (MTE) and a broadband passive radiative cooler (PRC). The MTE emits very close to the ideal emitter in the wavelength range and matches well with the external quantum efficiency the GaSb PV cell at 300K. The simulated results also indicate that the TPV power conversion efficiency reaches without cooling the system at . To solve the problem of the conversion efficiency loss due to the heating effect of the GaSb cell, a new PRC placed in contact with the PV cell substrate was developed that is characterized with a thermal emissivity close to ideal in the atmospheric windows. The impact of the area ratio ( between the PRC and the PV cell was studied. The analysis has shown a reduction of 44K in the operating temperature and an increase of 1.89% in the conversion efficiency of the TPV-PRC system when . It is also possible to achieve below ambient temperature cooling using values of . These results clearly show that improvement of the TPV performance can indeed be achieved using a good high temperature thermal emitter design and the passive radiative cooling mechanism.
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Figure 1 :

 1 Figure 1: (a) Schematic of the suggested TPV-PRC system design (b) Schematic of the designed MTE structure with the thicknesses of each layer (c) Schematic of the PRC with thicknesses of each layer.

Figure 2 :

 2 Figure 2: (a) Calculated absorptivity/emissivity, at normal incidence of one single Ta/SiC/Ta cavity, designed MTE, flat and EQE of GaSb at 300K [37] (b) The radiated power density at high-temperature and at normal incidence of one single cavity, MTE and flat as a function of the wavelength. represents the cut-off wavelength at , corresponding to the bandgap of the GaSb PV cell at .

Figure 3 :

 3 Figure 3: Contour plots of the emissivity of the designed selective thermal emitter under (a) TM and (b) TE polarizations as a function of angle of incidence and wavelength.

Figure 4 :

 4 Figure 4: Characteristics of the TPV system for different temperatures of the MTE, showing (a) the current-voltage (J-V) characteristics and (b) the ( -V) characteristics of the GaSb cell at .

Figure 5 :

 5 Figure 5: Calculated behaviors as functions of the emitter temperature of (a) the output electrical power density and (b) power conversion efficiency of the TPV cell for the case of the MTE (blue), flat Ta (green), and single Ta/SiC/Ta cavity (red) emitters.

Figure 6 :

 6 Figure 6: Spectral emissivity of the proposed PRC for different volume fractions f of at (a) normal incidence and TE polarization case and (b) an angle of incidence of and TM polarization case.

Figure 7 :

 7 Figure 7: Spectral emissivity of the proposed PRC for different angles of incidence at the optimal volume fraction f=0.7: (a) TE polarization and (b) TM polarization.

Figure 8 :

 8 Figure 8: Schematic of the TPV-PRC system; the MTE is at a temperature of and is enclosed with the PV cell in a vacuum chamber.

Figure 10 :

 10 Figure 10: TPV-PRC power conversion efficiency as a function of the area ratio at a given convective hat exchange coefficient . The ambient temperature is set at .

Figure 11 :

 11 Figure 11: (a) Operating temperature of the PV Cell and (b) TPV power conversion efficiency as functions of the area ratio at given convective coefficients . The ambient temperature is set at .

Figure 12 :

 12 Figure 12: (a) Operating temperature of the PV Cell and (b) TPV power conversion efficiency as functions of the convective heat exchange coefficient for both cases with and without the PRC at a fixed area ratio The ambient temperature is set at

have been taken from references [49,[START_REF]IR Transmission Spectra, Gemini Observatory Kernel Description[END_REF] and the water vapor of the atmospheric transmittance was considered . The spectral and angular emissivity of the PRC is calculated by assuming the optimal volume fraction . 

(

) is the absorbed power density due to the atmospheric emissivity:

where is the spectral radiance of a blackbody at the ambient temperature as given by Eq. ( 2) above, is the emissivity of the and is the angle-dependent emissivity of the atmosphere [START_REF] Zahir | Daytime radiative cooler using porous TiO2: new approach[END_REF]. The power loss due convection and conduction in the top and bottom surfaces of the PRC are given, respectively by: and We assume . The radiative power density from the sun PRC expressed as: is the absorbed power that dissipates into heat within the PV cell. It is given by: