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ABSTRACT  

Radiative cooling, a unique and uncommon passive cooling method for devices operating outdoors, has recently been 
demonstrated to be effective for photovoltaic thermal management. In this work, we investigate the effect of radiative 
cooling as a complement to existing passive cooling methods like convective cooling in a related system with much higher 
heat loads: a high-concentration photovoltaic (HCPV) system. A feasible radiative cooler design addressing the thermal 
management challenges here is proposed. It consists of low-iron soda-lime glass with a porous layer on top as an anti-
reflection coating and a diamond layer as heat spreader. It is found that the proposed structure has strong mid-IR emittance 
as well as high solar transmission, allowing radiative cooling under direct sunlight and low loss in the concentrated solar 
irradiance. A systematic simulation with realistic considerations is then performed. Compared with a conventional copper 
cooler, the lowest temperature reached by the proposed radiative cooler is 14	 K lower. Furthermore, less area of the 
proposed cooler is needed to reach a standard target temperature (333.15	 K) for steady-state operation under high 
concentrations for the crystalline silicon PV module. In order to compare the coolers quantitatively, a figure of merit – 
cooling power per weight - is introduced. At the target temperature, the proposed cooler is determined to have a cooling 
power per weight of 75	 W/kg, around 3.7 times higher than that of the conventional copper cooler. 
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INTRODUCTION  

Radiative cooling is a passive cooling mechanism that dissipates heat via thermal radiation. For outdoor applications, the 
cold universe at 3	 K can be accessed through the sky as the heat sink if the cooler has thermal emission within the 
wavelength range of 8 − 13	 μm 1–3. In this range, known as the atmospheric window, the atmosphere has high 
transmission allowing transmission of the radiation from the ground. The existence of the atmospheric window makes 
outdoor radiative cooling a unique passive cooling method that in principle can reach below-ambient temperature. The 
challenge is therefore to find cooler materials that have strong thermal emittance within 8 − 13	 μm, and much lower 
thermal emittance outside this window. Fortunately, early works showed that natural bulk materials such as polyvinyl 
fluoride 2,4, silicon monoxide (SiO) 3 and silicon nitride (Si3N4) 5 are suitable for radiative cooling. Composite materials 
such as SiO2 and SiC nanoparticles in polyethylene binder 6 were later proposed as alternative cooler materials. Recent 
progress in nanophotonics allows the emittance spectra of bulk materials to be tailored by photonic crystal structures 7,8. 
It has recently been demonstrated experimentally that nanophotonic coolers can reach below ambient temperatures, even 
under direct sunlight 9. When placed in vacuum, such nanophotonic coolers have been shown to reach sub-freezing 
cooling 10. More recently, a high-performance metamaterial based radiative cooler has been demonstrated; the 
researchers conducting the experiment believe that it may be a candidate for mass production 11.   

Radiative cooling can potentially be applied to address the increasing demands of electronic device cooling. For 
instance, it has recently been demonstrated that a 2D photonic crystal silica cooler can effectively cool down the bare 
solar cell underneath 12. For an optoelectronic device with higher heat loads, known as thermophotovoltaics, radiative 
cooling with low-iron soda lime 2D photonic crystal cooler was shown to be effective 13. There are many other outdoor 
electronics that could benefit from radiative cooling. Thus, it is important to explore the possibility of using radiative 
cooling as either a major or a complementary cooling method for these applications.  
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In this work, we investigate the application of radiative cooling on high-concentration photovoltaic (HCPV) systems. 
Due to the highly concentrated solar irradiance and strongly temperature dependent photovoltaic (PV) performance, 
cooling is one of the major challenges in HCPV research 14. Operating at high temperatures not only reduces the initial 
solar-to-electricity conversion efficiency, but can also significantly reduce the long-term reliability, which plays a major 
role in determining the levelized cost of energy for these systems 15. Most works focus on engineering the heat sink 
design to enhance convection cooling 16–18. Although radiative heat transfer has been brought to increased attention 
recently 14, radiative cooling through the atmospheric window has not been investigated much in the context of HCPV. 
In this work, we consider HCPV systems with parabolic reflectors concentrating the sunlight, with the PV module facing 
toward the ground. We show that a transparent dielectric radiative cooler, referred to as the multi-layer low-iron soda 
lime glass cooler, on the backside of the PV module can have effective cooling without using more area than the PV 
module and the concentrator optics. The performance of the HCPV system with radiative cooling is evaluated by a 
realistic calculation framework. Details of the framework will be introduced in Section 2. In Section 3, the radiative 
cooler design will be discussed, followed by the calculation results. The proposed cooler will then be compared with a 
conventional flat copper cooler. To compare the two coolers quantitatively, we introduce a figure of merit, cooling 
power per weight, which captures both the capability of heat dissipation and the weight of the cooler. 

CALCULATION FRAMEWORK 

To fully assess the radiative cooling effect on HCPV systems, we establish an optical-thermal-electrical coupled 
simulation framework based on power balance to self-consistently find the equilibrium temperature of the HCPV 
system. As depicted in Fig. 1(A), the entire HCPV setup consists of three major parts: a radiative cooler on top facing 
towards the sky, a parabolic reflector at the bottom near the ground that reflects and concentrates sunlight, and a silicon-
based PV module underneath the radiative cooler that absorbs concentrated sunlight. Compared to III-V multi-junction 
PV modules, silicon-based PV modules may not be as efficient at high concentrations (> 100	 suns) because of Auger 
recombination 19; thus, using models developed for the former may undervalue the value of radiative cooling. In future 
work, the PV model will be adjusted to predict electric output power and the resulting radiative cooling more precisely at 
high concentrations. Nonetheless, if we consider the radiative cooler and PV module as a whole, a power balance 
equation governs the heat transfer inflow and outflow of the system in steady state, which is as follows: 

 + = + + , , (1) 

where  is the total absorbed radiative power by the PV module;  is the total absorbed radiative power by the 
radiative cooler;  is the radiative and electrical output power from the PV module;  is the total power 
radiated out from the cooler and ,  denotes non-radiative heat transfer. The power balance equation, Eq. (1), is 
similar to the one used in 13, but is modified to include double-side radiation from the cooler and a realistic silicon-based 
PV module. 
 
The total absorbed radiative power by the PV module has three contributions: (1) the solar power absorbed by the PV 
module , (2) the multiple bounces of thermal radiation from PV module and back onto PV module again , 
and (3) the emission from the parabolic reflector absorbed by the PV module . Thus, the expression of  is given 
as follows: 
 

 = + + , (2) 

Since the thermal radiation of PV module under the range of temperature considered in this work is low and the view 
factor from the reflector to the module is close to zero, the latter two terms in Eq. (2) are negligible. While  can be 
expressed as: 

 = ∙ ∙ ∙ ( )[ −
− ( , 0)+(1 − −

− )] . ( ), (3) 

 
in which  is the nominal concentration factor determined by the area ratio of the concentrator footprint and the 
module ; . ( ) is the AM1.5D spectrum; The actual concentration factor can be derived as =
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∙ ∙ [ ( , 0) + (1 − )]; = 0.9 is the reflectivity of the parabolic reflector;  is the 

surface area of the radiative cooler; = 1	 cm  is the PV module area;  is the footprint area of the parabolic 
reflector; ( ) is the spectral dependent PV module emittance and ( , 0) represents the transmittance spectrum 
of the radiative cooler at normal incident angle.   
 
The power output from the PV module  is comprised of two terms  and  as Eq. (4):  
 

 = + , (4) 

 = ( , ) ∙ ∙ ∙ ∙ [ −
− ( , 0)+(1 − −

− )] . ( ), (5) 

 = ∙ Ω ( ) ( , ) (6) 

The electrical power output from the module is calculated by Eq. (5), where ( , ) is temperature and 
concentration factor dependent PV module efficiency attained by physics-based drift-diffusion solver TCAD Sentaurus 
calibrated against the record efficiency of HIT solar cells at one sun under room temperature [ (1	 sun, 300	 K) =
24.7%]20. The radiative power output term	  is calculated by Eq. (6), where ( , ) = (2ℎ )/[ (exp(ℎ /

) − 1)] is the Planck’s blackbody radiation function, and  is the temperature of the PV module. 
 
For the radiative cooler, the total absorbed power  can be expanded into four terms, as follows:  
 

 = + + + , (7) 

 = ∙ Ω ( , ) ( , ) ( , ), (8) 

 = ∙ ( , 0) . ( ), (9) 

 = ( − ) ∙ ∙ ∙ Ω ( , ) ( , ), (10) 

where , calculated by Eq. (8), is the atmospheric radiation absorbed by the top surface of the cooler, in which 
( , ) and ( , ) are spectral and angular dependent emittance of the top surface of radiative cooler and 

atmosphere, respectively. ( , ) is calculated by MODTRAN (Mid-latitude winter) atmospheric transmittance data 
( , 0) with angular modulation: ( , ) = 1 − ( , 0)	 /  3; = 293.15	 K is the ambient 

temperature14. , calculated by Eq. (9), is the solar power absorption by the radiative cooler. It should be noted that 
the solar irradiance used for this term should be the AM1.5G spectrum. , calculated by Eq. (10), is the ground 
emission absorbed by the bottom surface of the radiative cooler, in which  is the view factor from the radiative 
cooler to ground and is assumed to be 0.9;  is the ground emissivity, calculated from a diffusive ground albedo 
presumed to be 0.1, a common value for soil 21; ( , ) is the emittance of the bottom surface of the radiative 
cooler. The last term in Eq. (7) can be neglected, since the PV module and the cooler are close to thermal equilibrium. 
 
The thermal radiation outflow from the cooler  is composed of two terms, namely the upward and downward thermal 
radiation  and , given below:  
             

 = + , (11) 
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 	 = ∙ Ω ( , ) ( , ), (12) 

 = ( − ) ∙ ∙ ∙ Ω ( , ) ( , ), (13) 

In both equations above,  is the cooler temperature. 
 
The aforementioned non-radiative heat transfer term of the system ,  is simply the convective heat transfer at the 
top and bottom surfaces, with uniform temperature assumed between the cooler and PV modules (i.e., = 	 ): 
 

 , = 2 ∙ ℎ ∙ ( − ), (14) 

where the convection coefficient ℎ = 5	 W/m K 14.   

 
The overall scheme of the simulation framework is illustrated in Fig. 1(B). To solve the equilibrium temperature of the 
PV module, we begin by guessing the initial temperature of the PV module ( ) and calculating the power flow of 
each corresponding heat transfer terms to validate the power balanced equation Eq. (1). If not satisfied, a new 	 will 
be assigned and tested until it self-consistently concurred with power balanced equation. The calculation framework has 
been benchmarked against the calculation method in 14, which is also consistent with the experiments presented in 22. 
Further validation by an experiment closer to the HCPV system modeled here would be warranted.  
  

 
Figure 1. (A). Schematic of a high-concentration photovoltaic (HCPV) system with radiative cooling. The HCPV has a 
parabolic reflector as the concentrator. The radiative cooler is on the back side of the PV module and has thermal radiation 
on both sides. The high solar spectrum transmission of the multi-layer low-iron soda lime glass cooler allows the 
concentrator right beneath the cooler to collect the AM1.5D sunlight (dashed yellow lines) with little loss. The cooler and 
the PV module are assumed to be away from the concentrator so that the view factor from the cooler to the concentrator is 
0.1. Dominant heat transfer terms are labeled and their explanations can be found in the text. (B). Overall flowchart to 
explain how the optical-electrical-thermal coupled simulation framework can find the equilibrium temperature of PV 
module precisely and self-consistently.  

RADIATIVE COOLER DESIGN AND RESULTS 

3.1 Radiative cooler design 

Soda lime glass has been proposed as a good radiative cooler material for different applications due to its high mid-IR 
emittance 13,23. A subclass, known as low-iron soda lime glass, has the additional benefit of high solar transmission, 
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allowing daytime radiative cooling even with direct sunlight. However, its emittance spectrum dips near 10	 μm. As 
shown by the green curve in Fig. 2 (B), this dip in emittance overlaps with the range of the main atmospheric window 
from 8 to 13	 μm (shaded blue), making the heat transfer between the cooler and the cold universe suboptimal. To fully 
utilize the main atmospheric window, the emittance of the low-iron soda lime glass in this range should be enhanced. It 
has been proposed that 2D photonic crystal structures can substantially enhance the emittance within the atmospheric 
window close to unity 13. In this work, similar enhancement has been achieved via a different approach. Since the dip in 
emittance is caused by high reflection near 10	 μm, an anti-reflection (AR) coating applied on top of the low-iron soda 
lime glass may reduce the reflection. As shown in Fig. 2 (A), a 2.28	 μm thick porous low-iron soda lime glass on top 
serves as a broadband AR coating. The dielectric constant  of the porous glass is modeled by Bruggeman approximation 
24 as:  

 −
+ 2 + (1 − ) −

+ 2 = 0, (15) 

where  and  are the volume fraction and the dielectric constant for a spectral range of 0.31 − 300	 μm 25 of low-
iron soda lime glass, respectively; = 1 is the dielectric constant of the air. In this work, the volume fraction of glass 
was optimized to be = 0.25. Compared with photonic crystal structures, porous AR coating is more feasible for large 
scale production, using fabrication techniques such as chemical etching and the sol-gel method 26. 

 

 
Figure 2. (A) Cross-sectional schematics of the multi-layer low-iron soda lime glass cooler. The 500	 μm thick low-iron 
soda lime glass serves as the major cooling emitter. The 2.28	 μm thick porous layer is a broadband anti-reflection (AR) 
coating that enhance the mid-IR emittance of the glass. The porous layer has an optimized glass volume faction of 25%. The 
3	 mm thick diamond layer is the transparent heat spreader that ensures both low non-uniformity in cooler temperature and 
high solar transmission. The two layers at the bottom is added to further increase the solar transmission of the cooler. The 
glass volume fraction of the bottom layer is the same as the top layer. (B) The simulated emittance spectrum of the multi-
layer low-iron soda lime glass cooler (red) and the cooler without the porous layer (green). The porous low-iron soda lime 
glass layer can effectively enhance the emittance of the cooler within the 8 − 13	 μm atmospheric window (shaded blue).  

Cooling with a high heat load often requires a larger cooler area than the heat source area (the PV module in HCPV). The 
geometry depicted in Fig. 1 could create non-uniform cooler temperatures over large areas. Thus, the one major assumption 
made in the calculation framework, = 	 , may not be valid in all cases. Therefore, a 3D steady state thermal 
simulation using COMSOL Multiphysics was performed to evaluate the temperature gradient of the PV module + cooler 
structure. As shown in Fig. 3, the temperature gradient between the cooler and the PV module ( − ) was 
calculated for different heat loads ( −	 ) and cooler areas ( ).  was directly acquired from the simulation 
results, and  was derived from the radiative power from the cooler surface by Stefan-Boltzmann law. Across the 
full range of heat loads and cooler areas considered in this work (i.e. below the dashed line in Fig. 3), a 3	 mm thick 
diamond layer has a maximum temperature gradient less than 7	 K, and usually much less.  
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Based on this result, a 3	 mm thick diamond heat spreader was added at the bottom of the 500	 μm-thick low-iron soda 
lime glass layer. The diamond layer performs two functions: (1) decreasing the radial temperature gradient of the cooler; 
and (2) maintaining the high solar transmission of the cooler, so that even the concentrator right below the cooler can 
collect sunlight. The dielectric constant of diamond in the spectral range of 0.31 − 20	 μm is from Reference 27,28 and 
was extrapolated as a constant between 20 − 300	 μm to match the spectral range of low iron soda lime glass. The 
extrapolation may lead to an error of a few percent in the net cooling power from the cooler. It is likely that a 3	 mm 
thick diamond layer is unrealistic for mass production. However, it could be replaced by a thicker layer of other transparent 
thermal conductors, such as transparent conductive oxides, which can be deposited using roll-to-roll methods, such as 
knife-over-edge coating, slot-die coating and screen printing 29. Other materials, such as an optical transmissive and 
thermally conductive network of metallic nanowires 30, may also be good candidates. To further enhance the solar 
transmission, two thin layers of low-iron soda lime glass and its porous layer with thicknesses labeled in Fig. 2 (A) were 
also added at the bottom. 

The angular-dependent emittance spectra of the multi-layer low-iron soda lime glass cooler was simulated using S4 31 
across a broad range of wavelengths from 0.31	 μm to 300	 μm. The normal emittance spectrum of the multi-layer low-
iron soda lime glass cooler is shown in Fig. 2 (B) in red. Compared with the bare low-iron soda lime cooler (green curve), 
the multi-layer low-iron soda lime glass cooler exhibits enhanced mid-IR emittance, especially in the atmospheric window. 
In tandem, the solar absorptance is designed to reach a low level, to allow radiative cooling in direct sunlight. 

 

 
Figure 3. Steady state temperature gradient between the cooler and the PV module. The cooler temperature is the averaged value 
calculated from the radiated power by Stefan-Boltzmann law. For a 3	mm thick diamond heat spreader, the maximum temperature 
gradient is less than 7	 K in the range of heat load and cooler area considered in this work (the contour below the black dashed line). 
Therefore, the approximation of =  is valid when a diamond heat spreader of 3	mm thick is used.  

 
3.2 Results and Discussion 

The performance of the proposed radiative cooler is examined by the calculation framework introduced in Section 2. Fig. 
4 shows the PV module temperatures are evaluated for different combinations of radiative cooler area  and actual 
concentration factors . Two cases are considered for comparison: (1) a multi-layer low-iron soda lime glass 
cooler and (2) a conventional copper cooler with its polished highly reflective top surface ( = 0.95) facing towards the 
sky, with its emissive oxidized back surface ( = 0.7814) facing the ground. The front surface of the copper cooler 
should not be oxidized because its strong solar absorption will more than offset the radiative cooling effect at the target 
temperature of 60	  (333.15	 K) 14,32. For any concentration factor used in the calculation, the radiative cooler is set to 
be smaller than the concentrator. Therefore, only the lower half of the contour in Fig. 4 is calculated. When multi-layer 
low-iron soda lime glass cooler is used, as shown in Fig. 4 (A), the PV module temperature  goes up as the 
concentration factor increases, especially when the radiative cooler area is small. However, for larger radiative cooler 
areas,  can reach well below the target temperature – as low as 308	 K in the best case. As shown in Fig. 4 (B), the 
copper cooler has a higher temperature for the same cooler area and actual concentration factor. The lowest temperature 
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is 322	 K, 14	 K higher than the multi-layer low-iron soda lime glass cooler. Considering the highest temperature 
reached by either cooler (indicated by the arrow towards the bottom-right corner of each contour), the multi-layer low-
iron soda lime glass cooler performs better as well; the maximum  is 73	 K lower. In both cases, the target 
temperature of 333.15	 K is highlighted by a dashed line. The better cooling effect of the multi-layer low-iron soda 
lime glass cooler is also reflected in the more gradual slope of the dashed line, indicating more cooling power per unit 
area. 

 
Figure 4. The simulated contour map of PV module temperature as a function of cooler area and actual concentration factor. 
The cooler area is always smaller than the concentrator area. (A) Multi-layer low-iron soda lime glass cooler. The minimum 
temperature it can reach is 308	 K and the maximum 459	 K. The dashed line shows the cooler area required for the target 
temperature of 333.15	 K at different concentrations. (B) Conventional copper cooler. The minimum temperature it can 
reach is 322	 K and the maximum 532	 K. The dashed line shows the cooler area required for the target temperature of 
333.15	 K at different concentrations. It is obvious that the multi-layer low-iron soda lime glass cooler outperforms the 
copper cooler. For the same target temperature, less area of multi-layer low-iron soda lime glass cooler is required. 

 

For concentrating photovoltaics (CPV) applications, especially HCPV, the weight of the cooler is a critical quantity, 
because a solar tracking system is generally needed 33. Therefore, we proposed a figure of merit, the cooling power per 
weight [W/kg], by which different coolers can be compared quantitatively. The cooling power is the net output power 
from the cooler, + , − , including radiation and convection. For the weight calculation, we assume 
that the copper cooler has the same thickness (3	 mm) as the diamond heat spreader. The densities of the materials are 
listed in Table 1. 
 

Table 1 Densities of the cooler materials  
 

Material Density [ / ] 

Multi-layer low-iron  

soda lime glass cooler 

 Conventional  

copper cooler 

Porous low-iron soda lime glass     633  

Copper              8960 Low-iron soda lime glass         2530  

Diamond                      3510  
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For the two different coolers investigated, their weight and cooling power per weight are calculated at different actual 
concentration factors and PV module temperature of 333.15	 K. From Fig. (5), it is obvious that the weight of the 
conventional copper cooler (orange dashed line with triangle symbol) increases faster than the multi-layer low-iron soda 
lime glass cooler (orange solid line with square symbol). The derived cooling power per weight of each cooler is shown 
by blue line in Fig. (5). The introduced figure of merit clearly has a weak dependence on concentration factors, allowing 
it to be used as a cooler index applicable for a broad range of concentration. From Fig. (5), the cooling power per weight 
of the multi-layer low-iron soda lime glass cooler (blue solid line with square symbol) is around 3.7 times higher than that 
of the copper cooler (blue dashed line with triangle symbol), greater than the density ratio of copper to the diamond, due 
to the capability of radiative cooling under direct sunlight. Therefore, for the same actual concentration factor and target 
temperature, less weight of the cooler will be added to the solar tracking system if the multi-layer low-iron soda lime glass 
cooler is used. Aluminum, as another popular material used for HCPV coolers, is in many cases more favorable due to its 
lower density (2700	 kg/m ) compared with copper. However, the thermal conductivity of aluminum (205	 W/m ∙ K) is 
lower than copper as well. Therefore, a thicker aluminum cooler should be used for a flat heat sink to achieve similar 
temperature uniformity. Considering both factors, the cooling power per weight of aluminum cooler should be higher than 
the copper cooler, but not as high as the multi-layer low-iron soda lime glass cooler when evaluated using the framework 
introduced in Section 2. It should be noted as well that the area of the concentrator is not considered in the figure of merit 
yet. The fact that copper or aluminum, unlike the multi-layer low-iron soda lime glass cooler, is not transparent to sunlight 
results in a larger concentrator area to achieve the same amount of actual concentration. This may lead to an even heavier 
HCPV system to be mounted on the solar tracker. For this work, the focus is on the cooler design. So the quantitative 
comparison was restricted to the cooler only. But it will be an interesting assessment if the entire HCPV system can be 
considered in future works.   

 
Figure 5. The figure of merit (blue lines) and cooler weight (orange lines) comparison between the multi-layer low-iron soda 
lime glass cooler and the conventional copper cooler. The cooling power is the net cooling power (radiation + convection) 
from the cooler. For copper cooler, the thickness is assumed to be 3	mm thick to match with the diamond heat spreader. 
The figure of merit is evaluated at the target temperature of 333.15	K 32. The advantage of the multi-layer low-iron soda 
lime glass cooler (solid blue line with square symbol) is significant: the cooling power per weight is around 3.7 times higher 
than that of the copper cooler (dashed blue line with triangle symbol), greater than the density ratio between copper and 
diamond. Furthermore, much less concentrator area is needed when multi-layer low-iron soda lime glass cooler is used, 
because of its high solar transmission. 
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CONCLUSIONS 

The application of radiative cooling within the atmospheric window in the infrared to high-concentration photovoltaic 
(HCPV) systems has been investigated. Using a realistic, self-consistent simulation framework, a multi-layer low-iron 
soda lime glass cooler has been designed. Its porous AR coating enhances the mid-IR emittance, allowing radiative cooling 
under direct sunlight. Furthermore, the proposed cooler is mostly transparent, with high solar transmission. Even a large 
cooler area blocks very little solar irradiance for concentration. It is shown that a PV module temperature as low as 308	 K 
( about 15	 K above ambient) can be reached when the multi-layer low-iron soda lime glass cooler is used, assuming the 
cooler is no larger than the concentrator. When compared with a conventional copper cooler, it is found that a much smaller 
area of multi-layer low-iron soda lime glass cooler is now needed to reach the standard HCPV module target temperature 
of	 333.15	 K. To account for the weight of the cooler that may affect the solar tracking system, a figure of merit, cooling 
power per weight, is introduced to evaluate each cooler quantitatively. For all the concentration factors considered (200 to 
900 suns) while operating at the temperature of 333.15	 K, the cooling power per weight of the multi-layer low-iron soda 
lime glass cooler is found to be around 3.7 times higher than that of the conventional copper cooler, and is also expected 
to be higher than an aluminum cooler. While the initial design uses diamond, there is also potential to shift to lower-cost 
transparent, thermally-conductive materials. Therefore, radiative cooling has a potential of being applied as a major or 
complementary cooling method for HCPV systems. Experimental verification would be warranted to help fully confirm 
the feasibility of low-cost, high performance radiative cooling enabled HCPV systems. 
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