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Abstract

:

Thermophotovoltaics is a promising technology for heat recovery and has garnered tremendous attention in the last decades. This work theoretically evaluates the performance of a thermophotovoltaic system equipped with refractory all-ceramic selective thermal emitters made of boron carbide, silicon carbide and beryllium oxide for a high working temperature of 2000    ∘  C, which corresponds to the external quantum efficiency of a SiC/Si tandem cell. The influence of thickness and filling ratio on the emissivity of thermal emitters over the wavelength ranging from 0.2  μ m to 2.5  μ m is studied. The corresponding spectral heat flux and output power are analyzed as well. For a specific configuration, the parameters for the thermophotovoltaic system are obtained, including short circuit current, open circuit voltage, fill factor, total heat flux, output power and conversion efficiency. The proposed all-ceramic thermal emitter ensures the robustness in the high-temperature working condition due to its thermal stability. The tuning of emissivity is achieved and analyzed based on distinct emitter nanostructures, and the further influence on the thermophotovoltaic system performance is deeply explored. This work sheds light on research of high-temperature thermal management and power generation.
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1. Introduction


Nowadays, abundant waste heat is released into the environment by increasing anthropogenic activities without a deliberate plan, leaving climate issues like urban heat islands and global warming more severe. The thermophotovoltaic (TPV) system is one of the alternatives to solve this global issue and generate electrical energy meanwhile by harvesting waste heat [1]. A typical TPV system is composed of three components: a heat source, a selective thermal emitter (or a broadband emitter with a filter) and a TPV cell [2]. The heat sources for the TPV system include the combustion of fuels, concentrated solar or nuclear energy, and industrial waste heat [1]. Compared with a solar photovoltaic (PV) system, the flexibility of converting various heat energy sources enables the TPV system to work for a longer operation time and broadens the TPV application in both micro-scale and large-scale TPV generators [3,4]. A selective thermal emitter transmits electromagnetic energy by tuning heat from sources into an emission spectrum according to the bandgap of the cell [5]. The emission spectrum should match the bandgap of the TPV cell, and the low-energy photons need to be eliminated as far as possible to avoid thermal leakage, which has a negative effect on the conversion efficiency of the system [2]. To evaluate the conversion efficiency of a TPV cell more precisely, a parameter called quantum efficiency is defined as the ratio of the collected carriers to the incident photons, and it indicates the amount of current generated for a given incident photon wavelength. As all photons of a certain energy are absorbed by the cell and the resulting carriers are collected, a unity quantum efficiency is achieved. Moreover, the quantum efficiency is equal to zero for photons with energy lower than the cell bandgap. This step-shape curve corresponds to the ideal PV cell. For a real cell case, the quantum efficiency is reduced due to effects of recombination. There are two quantum efficiencies: internal quantum efficiency (IQE) and external quantum efficiency (EQE). The difference lies in whether the optical losses such as reflection and transmission are taken into account. EQE depicts the functionality of the p-n junction in detail. Both the reflection and absorption coefficient of the incident light are taken into account, as well as the generation and collection of minority carriers [6]. The TPV system possesses merits of mechanical stability, large power output and noiselessness, rendering it promising for abundant applications, including solar TPV systems [7,8], combustion-driven TPV generators [9,10], waste heat recovery [11,12], space applications [13,14] and thermal energy storage system [15,16].



Several parameters are utilized to evaluate the performance of a PV cell, including short circuit current, open circuit voltage and fill factor. Short circuit current   I SC   refers to the current through the PV cell as there is no potential difference across it, and it is the largest current which can be drawn from the cell. There are several factors that can have an effect on the short circuit current, including the PV cell area, the spectrum and intensity of the incident light, the absorption and reflection of the cell. It is preferred to use current density (current per unit area) instead of current so that the effect of cell area can be neglected. The solar cell performance evaluation is commonly based on the standard AM1.5 spectrum, while for the TPV scenario, the spectrum of the incident light depends on the blackbody radiation and emissivity of the thermal emitter at specific temperature. Besides, the short circuit current rises linearly with the incident light intensity. Thus, the enhanced heat flux by near-field thermal radiation will greatly increase the short circuit current. However, the conversion efficiency is not necessarily improved since the incident power also surges. Open circuit voltage   V OC   represents the potential difference when the current is zero, and it is the maximum voltage of a PV cell as well. However, the PV cell does not work at either the short circuit current or open circuit voltage, but somewhere in between. Fill factor (FF), in conjunction with   I SC   and   V OC  , determines the maximum output power as   P =  I SC   V OC  FF  . Graphically, on the current-voltage curve of the PV cell, fill factor is shown as an area ratio between the maximum inscribed rectangle and the rectangle with area equal to    I SC  ×  V OC   .



In order to optimize the conversion efficiency of the TPV system, emitters with tailored spectrum are often utilized to block low-energy photons that may result in an overheating effect. Emitters are categorized into two types: broadband emitters and selective emitters. A broadband emitter has a high emissivity over a large wavelength range, and its radiative spectral heat flux is similar to that of a black body, referring it as a grey body [17]. The broadband emitters radiate more photons to the cell, and a higher output power is also obtained. However, device heating from thermalization, impaired device performance and reduced conversion efficiency would possibly occur [18]. Therefore, a tailored selective emitter is preferred, which only radiates photons within a specific wavelength range. An ideal thermal emitter has a unity emissivity over the spectrum range perfectly matched with the EQE of the TPV cell, and remains zero emissivity in the rest. On the contrary to the broadband emitter, the selective emitter exhibits higher efficiency but relatively lower output. Therefore, there exists a compromise between power and efficiency to maximize the benefit for a practical application. There are quite a few review papers about selective emitters. Tian et al. reviewed tunable radiative wavelength selectivity of nano-metamaterials in both near-field and far-field radiative heat transfer [19]. Diverse structures of metamaterials were demonstrated, including nanoparticle embedded structures, and grating and multi-layered structures. Sakakibara et al. reviewed the state-of-the-art practical emitters and presented five metrics for a comprehensive evaluation [20], which include optical performance, scalability of fabrication, high-temperature stability for a long-term usage, expense and convenience of integration within the whole system. For the most practical emitter implementation, emitters used in prototype system demonstrations are categorized based on the structure, including bulk emitters [21,22], naturally selective emitters made of rare earth metals [23], 1D photonic crystal [24,25], 2D photonic crystal [26,27], and multilayer stack composed of subwavelength metal and dielectric layers [28,29]. However, it is a difficult issue to satisfy all the five metrics aforementioned.



In order to match the bandgap of the TPV cell, for example, gallium antimonide (GaSb), the selective emitter needs to work at 1400    ∘  C. Hence, there are some requirements for the materials of the emitter, such as corrosion resistance, thermal stability, and high thermal conductivity [6]. The melting temperature of the material should be high enough to withstand such a harsh environment. Ghanekar et al. studied nanoparticle embedded structures for the emitter using tungsten as the refractory material [2]. Moreover, thermal stability is essential for the emitter to work well in the selected atmosphere. While metallic emitters using tungsten or tantalum have the capacity to work at high temperature, they require special packaging such as maintenance of an inert or vacuum atmosphere, which is impractical in most TPV systems. In this regard, ceramics exhibit a good stability in oxidizing atmosphere. Due to high melting temperature and good thermal stability, ceramics are commonly used for refractory thermal emitters. A number of ceramics have been brought into consideration, including silica (SiO   2  ), alumina (Al   2  O   3  ), thoria (ThO   2  ), zirconia (ZrO   2  ), hafnia (HfO   2  ), magnesia (MgO) and yttria (Y   2  O   3  ) [4]. By combining two or more junctions with different absorption bands, tandem solar cells offer an effective way to harvest a broad spectrum [30,31,32]. In this work, a refractory selective thermal emitter based on composite ceramics is designed. Three ceramic materials, boron carbide (B   4  C), silicon carbide (SiC) and beryllium oxide (BeO), all have a melting temperature higher than 2300    ∘  C and exhibit outstanding thermal stability. Thus, more study of these materials are worthwhile on TPV systems. This work calculates and evaluates the performance of a TPV system integrated with a ceramic thermal emitter and a SiC/Si tandem cell. The spectral and total heat fluxes, output power and conversion efficiency are exhibited.




2. Theoretical Fundamentals for Analyzing Near-Field TPVs


The expressions for near-field radiative heat fluxes are derived through the dyadic Green’s function [33]. The radiative heat transfer between two planes can be calculated by


  q =  ∫  0  ∞    d ω   2 π    Θ  ω ,  T 1   − Θ  ω ,  T 2     ∫  0  ∞     k ‖  d  k ‖    2 π   Z  ω ,  k ‖    



(1)




where   T 1   and   T 2   are the temperatures of two objects.   Θ  ( ω , T )  =  ( ℏ ω / 2 )   cot h   ℏ ω / 2  k B  T    is the energy of the harmonic oscillator.    ∫  0  ∞     k ‖  d  k ‖    2 π   Z  ω ,  k ‖     represents the spectral transmissivity in radiative transfer between object 1 and 2 with gap d, where   k ‖   is the parallel component of wavevector and   Z  ω ,  k ‖     is known as the energy transmission coefficient [33].



The second order effective medium theory is utilized to approximate the dielectric functions of the grating structure [34]. The prerequisite for the effective medium approximation is that the wavelength  λ  is much larger than the grating period  Λ  [35].



A theoretical model can be built for near-field thermal radiation and carrier transport in PV cell by considering charge density distribution based on how photons are absorbed along the depth of the PV cell [36]. An assumption is raised that in both far-field and near-field regime, a PV cell’s quantum efficiency would be the same. Thus, the calculation of the short circuit current is performed as [36]


   I SC  =  ∫   E g  / ℏ  ∞   e  ℏ ω   · EQE  ( ω )  ·   d q   d ω   d ω  



(2)




where   E g   and EQE are the bandgap and the external quantum efficiency of the PV cell, respectively.   d q / d ω   is the spectral heat flux, and e is the elementary charge. The dark current   I 0   of the SiC/Si cell is assumed to be   10  − 4    A m    − 2    based on the reference [37]. Open circuit voltage is obtained by


   V OC  =   k B   T PV  / e  ln   I SC  /  I 0  + 1   



(3)







Output power of the PV cell is obtained by


  P =  I SC   V OC  FF  



(4)




where FF is the fill factor which is defined by


  FF =  1 −  1  ln   I SC  /  I 0       1 −   ln  ln   I SC  /  I 0      ln   I SC  /  I 0       



(5)







The conversion efficiency of the TPV system is calculated by


  η = P / q  



(6)








3. Results and Discussion


The near-field TPV system consists of a heat source, a high-temperature thermal emitter and a PV cell, separated by a distance d smaller than the characteristic thermal wavelengths of the radiative heat transfer. As shown in Figure 1, the thermal emitter is composed of B   4  C gratings and B   4  C, SiC, or BeO substrate, which is referred to as Case 1, 2 and 3, respectively. The grating period  Λ  equals 50 nm and the grating width w is 10 nm, with the filling ratio equal to 0.2. The heights of the gratings,   h 3  , and the substrate,   h 4  , are both set as 50 nm. The PV cell is a SiC/Si tandem cell with 2  μ m SiC deposited on the 200  μ m Si substrate. In this work, the emitter temperature is kept at 2000    ∘  C, while the PV cell works at 400    ∘  C. The high-temperature operation of the PV cell is of interest to space and concentrator systems [38]. The separation distance d is fixed at 100 nm, which is much smaller than the peak thermal wavelength at 2000    ∘  C (1.27  μ m).



The dielectric function   ϵ ( λ )   determines the emissivity spectrum of the material, thus further influencing the radiative spectral heat flux. There is a relationship between the dielectric function ( ϵ ) and the complex refractive index (  n + i κ  ):    ϵ  = n + i κ  . Thus, n and  κ  are wavelength-dependent. Figure 2 demonstrates n and  κ  of the three materials involved in the thermal emitter. From Figure 2a, both the refractive indices of SiC and BeO almost remain constant from 0.44  μ m to 4  μ m. The extinction coefficient ( κ ) of SiC exhibits an increasing trend below 1  μ m, while it is negligible through the remaining wavelength regions.  κ  indicates the amount of attenuation when the electromagnetic wave propagates through the material, contributing to a higher absorption. Similar n and  κ  characteristics are shown in Figure 2b. For the B   4  C thin film, n is quite stable above 3, while  κ  increases at shorter wavelength. Transverse electric (TE) polarization and transverse magnetic (TM) polarization are characterized by its electric field or magnetic field being perpendicular to the plane of incidence, respectively. As considering the B   4  C grating structure with filling ratio of 0.2, for TE polarization, both n and  κ  values are reduced though the variation trend remains. For TM polarization,  κ  is close to zero at all wavelengths. Due to Kirchhoff’s law of thermal radiation, absorptivity is equal to emissivity at thermal equilibrium state. Therefore, the increasing trend of  κ  at shorter wavelength makes a desirable selective thermal emitter for the TPV system.



In Figure 3, three geometric scenarios with different thicknesses and filling ratios are proposed, in each of which all the three cases are studied. The emissivity spectra with detailed parameters are shown in Figure 3a. The yellow dashed curves show the EQE of the SiC/Si cell [39]. The EQE rises steeply above the bandgap, which means it can generate electric current only when incident photons have higher energies than the bandgap of the semiconductor material. On the other side, the EQE is zero below the bandgap, thus low-energy incident photons is undesirable as it leads to thermal leakage and reduces the conversion efficiency. For the SiC/Si cell in this study, the bandgap wavelength is around 1  μ m. A desirable thermal emitter should possess emissivity matched with EQE. It can be observed from Figure 3a that a B   4  C grating structure with a small filling ratio of 0.2 helps to enhance the maximum emissivity at short wavelength from around 0.7 to 0.9. Besides, as increasing the thickness from 50 nm to 100 nm, the wavelength-selective feature tends to be weakened, which means the slope becomes smaller. This increases the emissivity in the region of zero EQE, thus it may cause more thermal leakage and deteriorate the cell performance. In all the three scenarios, Case 1 and Case 2 have similar emissivity spectra, and the difference is that the emissivity of Case 2 is even lower than that of Case 1 in the region of zero EQE, which helps increase the conversion efficiency. The emissivity of Case 3 is lower and it also decreases at a shorter wavelength than Case 1 and 2. To sum up, for Case 1 and 2, scenario 1 and 3 show better match in the non-zero EQE region, while the latter two scenarios are more desirable as the wavelength exceeds 1  μ m. Regarding Case 3, scenario 3 exhibits higher emissivity than the other two scenarios in the region of zero EQE, which could impair the conversion efficiency.



Though the close match between the emissivity of the thermal emitter and the EQE of the PV cell is vital to guarantee high conversion efficiency, we also need to pay attention to the actual spectral radiative heat flux. Figure 3b shows the spectral heat flux and the corresponding spectral output power. Each figure corresponds to the upper emissivity spectra for the same scenario. It can be observed that a large portion of the spectral heat flux still lies at a wavelength larger than 1  μ m, where the EQE of the PV cell is zero. A higher emitter temperature than the present one (2000    ∘  C) is required to further move the spectral heat flux to the shorter wavelength, yet 2000    ∘  C is quite close to the melting temperature of B   4  C (2350    ∘  C), SiC (2730    ∘  C) and BeO (2578    ∘  C), therefore there is not much room to adjust.



Based on all the three scenarios, the B   4  C/B   4  C thermal emitter (Case 1) exhibits the highest heat flux, while that of the B   4  C/BeO emitter (Case 3) is the lowest. The output power of Case 3 is also the lowest except in scenario 3, in which the heat flux of Case 3 is also enhanced. Instead, more long-wavelength photons lead to the lowest conversion efficiency of Case 3 (  η = 16.25 %  ) among the three scenarios. Besides, there is an obvious blue shift for the spectral heat flux for Case 3 compared with Cases 1 and 2, and this is due to the similar phenomenon observed in the emissivity spectra. Scenario 2 shows the best performance in weakening the thermal leakage effect, thus exhibiting the highest efficiency among all three cases. There exists a question regarding selective emissivity characteristics: whether we should prioritize high in-band (energy greater than bandgap) emissivity, even if the out-of-band (energy lower than bandgap) emissivity is moderately high, or ensure low out-of-band emissivity while sacrificing high in-band emissivity? Based on all the cases and scenarios discussed here, in the near-field regime, reducing the out-of-band emissivity has higher priority. This question deserves further study in both far-field and near-field TPV systems.



Detailed parameters of the TPV system (scenario 2) are displayed in Table 1 based on the calculation expressions in Section 2, including short circuit current   I SC  , open circuit voltage   V OC  , fill factor (FF), total heat flux q, output power P and conversion efficiency  η . The output power of the three cases are   7.45 ×  10 4    W m    − 2   ,   5.95 ×  10 4    W m    − 2    and   3.19 ×  10 4    W m    − 2   , while the conversion efficiencies are 11.74%, 14.96% and 24.69%, respectively. Case 1 has the highest power output but the lowest efficiency. However, the situation for Case 3 is totally reversed, with lowest power output and highest efficiency. Hence, high power output and efficiency are not achieved simultaneously for our design.



The radiative heat transfer and the TPV performance are also studied at various separation gaps even in the far-field (  d > 1000   nm) in Figure 4. These results are based on scenario 2. Figure 4a displays the total heat fluxes and output power against the separation gap from 10 nm to 10  μ m. Obviously, the heat fluxes rise monotonically with a smaller separation gap, and this is due to the coupling of surface waves in the near-field thermal radiation. Consequently, the total output power increases as well. In the far-field regime (  d > 1000   nm), the heat fluxes and power are essentially independent of the gap. From Figure 4b, it is observed that at the gap of 100 nm, Case 3 has higher conversion efficiency than Case 1 and 2, while the heat flux of Case 3 is the lowest (Figure 4a). This is due to increased selectivity of high-energy photons, resulting in lower losses for Case 3. In Figure 3b, Scenario 2, it is shown that for Case 1 and 2, a large part of the spectral heat fluxes are in the zero EQE region, and these heat fluxes cannot be converted into electricity and are wasted instead, which leads to lower conversion efficiency. Besides, the oscillatory behavior of efficiency can be explained by vacuum gap behaving like a waveguide, and similar phenomenon has been reported in the previous work [40]. Besides, though the near-field regime can enhance the radiative heat flux and the output power as well, the improvement of the conversion efficiency is not obvious and may even be reduced compared with the far-field regime.




4. Conclusions


In summary, this work proposes refractory selective thermal emitters based on composite ceramics and theoretically analyzes their performance in a near-field TPV system. The selective emitter and the SiC/Si cell work at 2000    ∘  C and 400    ∘  C, respectively, and are separated by a nanoscale gap of 100 nm. Three geometric scenarios with different thicknesses and filling ratios have been studied to understand the influence on the emissivity spectra. To obtain a high conversion efficiency, the emissivity spectra and the corresponding spectral heat fluxes are studied. Regarding the selective thermal emitter, there exists a balance between high in-band emissivity and low out-of-band emissivity for the purpose of high conversion efficiency. Based on this work, reducing the out-of-band emissivity has higher priority. For the proposed configuration (scenario 2), the conversion efficiencies for each case (B   4  C/B   4  C, B   4  C/SiC, and B   4  C/BeO) reach 11.74%, 14.96% and 24.69%, respectively. Moreover, compared with far-field emitter systems, the near-field TPV will enhance the output power, yet higher efficiency is not guaranteed. This work designs a refractory ceramics-based selective thermal emitter and elaborates the performance in a TPV system, shedding light on research of high-temperature thermal management, energy harvesting and power generation.
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Figure 1. Schematic of the near-field TPV system, consisting of a refractory selective thermal emitter and a SiC/Si tandem cell. The thermal emitter consists of B   4  C gratings with three different substrates: B   4  C (Case 1), SiC (Case 2) and BeO (Case 3). The grating period  Λ  and the width w are 50 nm and 10 nm, respectively. The temperature of the thermal emitter is maintained at 2000    ∘  C, while the PV cell works at 400    ∘  C. The separation gap d is kept as 100 nm, and the thicknesses of each layer are as follows:    h 1  = 200    μ m,    h 2  = 2    μ m,    h 3  = 50   nm and    h 4  = 50   nm. 
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Figure 2. (a) Refractive indices (n) and extinction coefficients ( κ ) of SiC and BeO. (b) Refractive indices (n) and extinction coefficients ( κ ) of B   4  C and B   4  C grating with filling ratio of 0.2, including TE and TM polarizations. 
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Figure 3. (a) Emissivity of the three thermal emitter cases. The yellow dashed line represents the EQE of the SiC/Si cell. (b) Spectral heat fluxes (dashed lines) as the separation gap is 100 nm and the corresponding spectral output power (solid lines) from the PV cell. From left to right, the two figures in each column correspond to scenario 1, 2 and 3, respectively. Case 1: B   4  C/B   4  C, Case 2: B   4  C/SiC, and Case 3: B   4  C/BeO. 
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Figure 4. (a) Total heat fluxes (dashed lines) and output power (solid lines) as a function of the separation gap. (b) Variation in conversion efficiency against the separation gap. These results are based on scenario 2. 
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Table 1. Parameters for the TPV system based on scenario 2 (   h 3  =  h 4  = 50   nm,   w / Λ = 0.2  ), including short circuit current   I SC  , open circuit voltage   V OC  , fill factor (FF), total heat flux q, output power P and conversion efficiency  η . The separation gap is 100 nm.
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Emitter

	
    I SC    

	
   V OC    (V)

	
FF (%)

	
q

	
P

	
  η   (%)




	
(A m     − 2    ,    ×  10 4    )

	
(W m     − 2    ,    ×  10 5    )

	
(W m     − 2    ,    ×  10 4    )






	
Case 1 (B   4  C/B   4  C)

	
7.74

	
1.19

	
81.08

	
6.34

	
7.45

	
11.74




	
Case 2 (B   4  C/SiC)

	
6.26

	
1.17

	
80.94

	
3.97

	
5.95

	
14.96




	
Case 3 (B   4  C/BeO)

	
3.47

	
1.14

	
80.54

	
1.29

	
3.19

	
24.69
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