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Abstract 

Radiative cooling is a promising solid-state, non-vapor-compression technology for passive 

refrigeration and air conditioning. Although this phenomenon occurs naturally, achieving a 

significant amount of cooling to make it a technically and economically viable technology requires 

highly engineered, spectrally selective radiative surfaces. These characteristics make radiative 

cooling difficult to estimate, particularly when it is integrated with other systems such as 

photovoltaic panels or building envelopes. The complexity further increases when the substrate 

also participates in the radiative cooling (along with the radiative coating). Energy estimation is 

becoming increasingly critical because of the recent focus on the semitransparent radiative 

coatings that transmit a variety of colors to enhance the aesthetic appeal of the system. Here, we 

propose a simple iterative method to calculate the effective radiative properties, which provides 

the same net radiative cooling that would be observed using the spectral properties at both the 

coating and substrate surfaces. Compared to traditional methods that rely on either computationally 

expensive full spectral analysis or methods for averaging each radiative surface parameter locally, 

our proposed method focuses on calculating effective properties that provide the same the net 

cooling effect as a full spectral analysis by accounting the emissivity, absorptivity, and 

transmissivity collectively, thereby providing an overall estimation error of less than 0.2%. We 

believe that this study will be beneficial to the engineering communities that employ complex 

simulation codes and require lumped solar and thermal radiation related parameters. 

Keywords: Radiative cooling, spectral variable properties, effective properties, semitransparent 

coating, participating substrate. 
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1. Introduction 

Radiative sky cooling (aka radiative terrestrial cooling or radiative cooling) is gaining tremendous 

interest as an effective cooling technique and a promising alternative for traditional vapor-

compression air conditioners that typically consume large amount of electricity and use 

refrigerants with high global warning potential [1]. Radiative cooling is an important natural 

mechanism that enables the earth to maintain its temperature by balancing heat gain from the sun 

and heat loss to space. Because it is a natural process, it does not require any external input energy 

for operation. However, it requires a combination of solar and thermal surface properties that may 

not be prominently present in bulk materials, making it difficult to observe [2]. 

Radiative cooling, in principle, is based on a natural phenomenon that allows the atmosphere to 

transmit about 87% of the outgoing long-wavelength radiation from the earth in an infrared region 

of 8–13 μm, called the sky or atmospheric window [3]. It has been reported that certain spectrally 

selective coatings, such as organic polymers [4, 5], titanium dioxide [6, 7], silicon nitrides [8], and 

silicon monoxide [9], that emit strongly in the atmospheric window region can provide on average 

40–80 W/m2 of net cooling flux [10, 11] and surface temperature drop up to 10–15°C below 

ambient at night with clear sky conditions [12, 13]. The cooling capacity and operating time can 

be substantially improved by combining nighttime radiation cooling with daytime radiation 

cooling that requires materials with extremely high reflectivity in the highly intensive solar 

spectrum wavelength (0.3–2.5 μm) while having high emissivity in the atmospheric window (8–

13 μm). Recently developed metal-dielectric photonic surfaces that behave as a broadband mirrors 

for solar light and simultaneously emit strongly in the atmospheric transparency window can 

theoretically achieve a net cooling power exceeding 100 W/m2 at ambient temperature [14, 15]. 

Several studies have been carried out on radiative cooling in the past few decades. While it is 

difficult to cover the entire literature, here we briefly summarize some important findings. 

Catalanotti [13], in 1972, first introduced the concept of selective surfaces built by coating an 

aluminum (Al) surface with polyvinyl-fluoride (PVF) film. The selective radiator having optical 

properties matched to the atmospheric window (8-13 μm) was found to generate radiation cooling 

more than the black radiator. Granqvist and Hjortsberg [12], in 1981, studied spectral radiative 

properties of Al coated with SiO films of different thicknesses. They noted that SiO-coated Al 

plate yielded a radiation cooling up to 61 W/m2 when temperature difference between radiative 
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surface and atmosphere is zero; however, the performance was found highly dependent on the 

atmospheric conditions. The study also emphasized the critical need for a reliable method to 

estimate the atmospheric emittance under a randomly chosen geographical position or climate. The 

polymer films coated over a metal surface were later employed by several researchers to 

demonstrates the nighttime cooling. For instance, Meir et al. [11] proposed a radiative cooling 

system consisting of unglazed flat plate radiators, made up of a modified polyphenylene oxide 

(PPO) resin. The radiator was proposed as low-cost roof integrated modules and studied for the 

cooling performance under clear and cloudy atmospheres in Oslo, Norway. The numerical 

simulations indicated that cooling generated by the polymer-based radiative system could be 

sufficient to manage cooling load of buildings in the moderate climate. In a similar study, 

Chowdhury et al. [16] proposed a cellulose-upgraded polymer (PDMS) that was found to provide 

the maximum radiation cooling of 3.97°C below ambient temperature and the cooling power of 

about 82.7 W/m2. More recently, ultrabroadband photonic structures have been proposed to 

achieve high-performance radiative cooling by combining daytime solar reflection with nighttime 

infrared radiation. Rephaeli et al. [14] developed an optimized radiative cooler that comprised of 

two thermally emitting photonic crystal layers (SiC and quartz) deposited over the broadband solar 

reflector consisting of three sets of five bilayers made of MgF2 and TiO2 on a silver substrate. The 

proposed material structures were reported to exhibit a very small absorption throughout the solar 

spectrum and a very strong emissivity in the atmospheric transparency window. Theoretical 

calculation indicated that the suppressing solar absorption by up to 3% using the proposed 

broadband solar reflector can provide cooling power of 100-150 W/m2, when the ambient 

temperature is around 300 K. In a similar study, Raman et al. [15] introduced an integrated 

photonic solar reflector and thermal emitter that consisted of seven layers of HfO2 and SiO2 and 

reflected 97% of incident sunlight while emitting selectively in the atmospheric transparency 

window. Under the direct sunlight of 850 W/m2 on a rooftop, the photonic radiative cooler was 

reported to cool up to 4.9C below ambient air temperature and has a cooling power of 40.1 W/m2 

at ambient air temperature. Later, Chen et al. [17] demonstrated an experimental apparatus that 

consisted of a selective emitter surrounded by a vacuum chamber to thermally decouple the emitter 

from the ambient air and the sun but couple it to outer space through the atmospheric transparency 

window. The experimental measurements performed under a clear sky condition in winter at 

Stanford, California, demonstrated a large temperature drop up to 42.2 °C below the ambient, when 
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the apparatus enclosing the cooler is exposed to peak solar irradiance. A study by Zhao et al [18], 

however, reveals that the sub-ambient cooling performance of radiative cooling decreases rapidly 

with increase in solar radiation and the precipitable water vapor, indicating that  radiative coolers 

are more effective in dry climate than the humid climates. Vall and Castell [19] summarize the 

recent developments on radiative cooling as a low-grade energy source and recommend the use of 

convection cover along with the use of water as a heat-carrier fluid and a thermal storage system 

for storing the cooling power.  

Radiative cooling is currently not limited to passive cooling application only. Recent research is 

exploring a variety of ways to utilize this phenomenon for many other applications. Chen et al. 

[20] developed a unique energy harvester by combining an infra-red transparent solar absorber and 

a selective radiative cooler. Their experimental results demonstrate that due to solar heating the 

absorber can reach 24.4C above the ambient temperature together with cooling of the radiative 

cooler by up to 28.9C below the ambient temperature. Combining the two phenomena can 

simultaneously harvest energy from the sun as well as the outer space. Ulpiani et al. [21] 

recommended the next generation radiative coolers with dynamic emissivity modulation make the 

device responsive to the transient and prolonged variations in the ambient conditions. Some of the 

possible methods suggested in the study are the use of infrared chromic VO2-tuned Fabry-Perot 

resonators along with dynamically reconfigurable systems based on shape memory 

alloys/polymers and temperature sensitive hydrogels. In another study, Ulpiani et al. [22] proposed 

the use of asymmetric transmission systems developed for directional beam splitting, multiplexing, 

optical interconnections, and advanced electromagnetic devices to achieve high transmission 

contrast that could screen the radiative cooler from undesired gains, while keeping the outgoing 

heat flux largely unimpeded. In a similar study, Vila et al. [23] presented various options for the 

adaptive covers that can be placed on top of absorber/emitter surface to achieve mixed solar 

heating and radiative cooling. The adaptive covers made up of chromic materials can be used 

instead of the traditional polyethylene sheet, which suffers from serious structural and aging 

disadvantages. In addition, Studies have shown that while water flow has been traditionally used 

for managing the temperature of the solar cells [24], the similar benefits can be obtained with 

radiative cooling with no or lower pumping power requirement. This is particularly important 

considering the increased deployment of renewable energy and all attempts being made to reduce 

the installation and operational cost of the solar systems such as photovoltaic modules [25], solar 
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water heaters [26], and solar desalination plants [27, 28]. Sima et al. [29] present the theoretical 

evaluation of night sky cooling in climatic condition of Czech Republic and show possibility of 

improving internal climate of the dwellings by heat removal from solar absorbers without using 

conventional ways of cooling.  

With significant recent research and development in materials science, radiative cooling 

technology is becoming increasingly effective, deployable, and practical. It has been proposed to 

be used for several engineering applications such as photovoltaic appliances, electronic cooling, 

infrared detectors, and other temperature-sensitive sensors [2]. Buildings are one of the most 

targeted applications of this technology due to its notable impact on reducing the energy use for 

air conditioning. Radiative coolers in the form of either standalone cooling panels or cooling 

coatings for envelope components (such as the roof) can reduce HVAC energy use as well as 

reduce the peaks in the cooling load profile that typically occur during the daytime [30]. Various 

designs and configurations of radiation cooler have been proposed in the literature for integration 

in buildings. Yan et al. [31] proposed a coupled passive cooling system by integrating pipe-

encapsulated phase change material (PCM) in the building walls with nocturnal sky radiator. The 

study reported that the proposed cooling system reduced the internal surface heat flow through the 

walls by 53%, which would eventually decrease the cooling energy consumption of the building 

by 16.1%. In a similar study, Shen et al. [32] reported that cooling loads of the wall integrated with 

radiative cooler and PCM was about 25% lower than that of the brick wall having the same 

thickness. Few researchers have also integrated radiative sky cooling with other systems like 

photovoltaic and thermoelectric modules. Kwan et al. [33] proposed a coupled system comprising 

photovoltaic, thermoelectric, and radiative sky cooling. The study showed that the radiative sky 

cooling could increase the solar to cooling energy conversion coefficient of performance from 

0.1099 to 0.2054, and reliably provide a 10°C temperature drop to a building room. Likewise, Hu 

at al. [34] developed a combined diurnal solar heating and nocturnal radiative cooling collector. 

The annual heat gain of the collector was found to be about 2425-3325 MJ/m2 and the annual net 

radiative cooling gain was noted to be in the range of 740-860 MJ/m2. A study Vila et al. [35] 

provides the impact of solar reflectivity on the nighttime and all-day radiative cooling potential in 

Europe. The results revealed that varying the solar reflectivity from 1 to 0.5 reduced the average 

cooling power from 60.18 to 45.32 W/m2, and energy from 527.10 to 264.87 kWh/m2·year. Vall 

et al. [36] introduced a novel radiative cooling and solar collection concept, called Radiative 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



5 

Collector and Emitter (RCE) that provides cooling as well as domestic hot water in the buildings. 

The RCE devices can be integrated with the HVAC or radiant ceilings, providing energy saving 

as well as better thermal comfort to the occupants in the building. 

As the application areas increase, so is the need to correctly model spectrally distributed radiative 

properties (absorptivity, transmissivity, reflectivity, and emissivity) of the radiative coatings. 

Although the actual materials exhibit spectrally dependent properties, it is practically convenient 

if radiative parameters can be expressed in terms of a constant lumped or effective value. As an 

example, whole-building energy simulation program EnergyPlus® requires a constant value of 

solar absorptivity and thermal emissivity for the opaque envelope. Likewise, several other complex 

programs are either largely incapable of handling the spectrally varying radiative cooling coatings 

or require computationally expensive process of discretizing wavelength into numerous spectral 

bands. Many previous studies calculate constant radiative properties in solar and thermal regime 

by averaging each of radiative surface parameters locally, which may result in inaccurate results 

since radiative coating properties are highly wavelength dependent. Clearly, accurate calculation 

of the effective radiation properties is critical as their inaccurate estimation can result in incorrect 

predictions as well as faulty system design, leading to engineering failures. 

This study demonstrates a novel iterative method to estimate the effective radiative properties of 

a semitransparent coating with spectrally distributed surface properties. Compared to the 

traditional method, which relies on averaging each of the radiation-related parameters separately, 

the proposed method focuses on the net radiation heat flux comprising absorptance, emittance, and 

transmittance collectively, thereby minimizing the error in the net radiation cooling calculations. 

The commercial finite element code, COMSOL Multiphysics, was used to validate the 

improvement in accuracy of the results obtained using the proposed method over the traditional 

method. The study further demonstrated that while commercial program like COMSOL 

Multiphysics allows users to input surface properties in multiple bands, the simulation time 

dramatically increases with increase in number of spectral values. To this end, the proposed 

method not only improves the accuracy in the calculations but also reduces the computation time. 

Therefore, this study would be particularly beneficial for complicated engineering simulations 

such as whole building energy analysis using program like EnergyPlus that employ complex 

numerical codes and require lumped solar and thermal radiation related parameters.  
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2. Methods 

2.1. Radiative Cooling by an Opaque, Diffuse, and Gray Coating  

As shown in Figure 1(a), the net cooling power (𝑄𝑛𝑒𝑡) generated by an opaque radiative coating 

surface can be expressed as [15]: 

𝑄𝑛𝑒𝑡(𝑇𝑠) = 𝑄𝑟𝑎𝑑(𝑇𝑠) −  𝑄𝑠𝑘𝑦(𝑇𝑠𝑘𝑦) − 𝑄𝑠𝑜𝑙𝑎𝑟 − 𝑄𝑔𝑎𝑖𝑛      (1) 

where 𝑄𝑟𝑎𝑑  is the total thermal radiation emitted from the surface at temperature 𝑇𝑠; this includes 

radiation to the sky as well as radiation to space. 𝑄𝑠𝑘𝑦 is the absorbed radiation from the sky at 

temperature 𝑇𝑠𝑘𝑦 on the surface (the assumption is that the view factor between the surface and 

the sky is unity), 𝑄𝑠𝑜𝑙𝑎𝑟  is the absorbed solar irradiation on the surface, and 𝑄𝑔𝑎𝑖𝑛 is the convection- 

and conduction-related heat gain. 

 

 

Figure 1. Radiative cooling: (a) heat transfer processes at an opaque radiative coating surface, (b) 

solar irradiance on a horizontal surface at air mass (AM) coefficient 1.5 and blackbody spectrum 

at the solar temperature of 5,800 K [1]. 

 

Thermal radiation, 𝑄𝑟𝑎𝑑 , from a gray surface that emits in all directions is associated with a 

hypothetical hemisphere surround the surface and is characterized by a directional distribution 

expressed as [37]: 

 𝑄𝑟𝑎𝑑(𝑇𝑠) = 𝐴𝑠  ∫ ∫ ∫ 𝜀𝑠(𝜆, 𝜃, ) 𝐼𝑏𝑏(𝑇𝑠, 𝜆, 𝜃, ) cos 𝜃 sin 𝜃 𝑑𝜆
2𝜋

0

𝜋/2

0
𝑑𝜃 𝑑

∞

0
  (2) 
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where 𝐴𝑠 is the surface area, 𝑇𝑠 is the surface temperature, 𝜆 is the radiation wavelength, θ is the 

zenith or polar angle, and  is the azimuthal angle of the hemisphere. 𝜀𝑠(𝜆, 𝜃, ) is the emissivity 

of the surface, and 𝐼𝑏𝑏(𝑇, 𝜆) is the spectral radiance of a blackbody, which is expressed according 

to Planck’s law as [38]: 

𝐼𝑏𝑏(𝑇, 𝜆) =
2ℎ𝑐2

𝜆5

1

exp (ℎ𝑐 𝜆𝑘𝐵𝑇⁄ )−1
        (3) 

where ℎ and 𝑘𝐵 are the universal Planck and Boltzmann constants, and 𝑐 is the speed of light in a 

vacuum. 

When the radiative surface is diffuse, the emission occurs uniformly in all directions. Therefore, 

the radiation term can be simplified as: 

𝑄𝑟𝑎𝑑(𝑇𝑠) = 𝜋𝐴𝑠 ∫ 𝜀𝑠(𝜆)𝐼𝑏𝑏(𝑇𝑠, 𝜆)𝑑𝜆
∞

0
       (4) 

Combining equations (3) and (4), we can write: 

𝑄𝑟𝑎𝑑(𝑇𝑠) = 𝐴𝑠 ∫ 𝜀𝑠(𝜆)
𝐶1

𝜆5

1

exp (𝐶2 𝑇𝑠𝜆⁄ )−1
𝑑𝜆

∞

0
       (5) 

where 𝐶1 = 2𝜋ℎ𝑐2 and 𝐶2 = ℎ𝑐 𝑘𝐵⁄ . 

Likewise, thermal radiation from the sky absorbed by the radiative surface can be given as: 

𝑄𝑠𝑘𝑦(𝑇𝑠𝑘𝑦) = 𝐴𝑠 ∫ 𝜀𝑠𝑘𝑦(𝜆, 𝜃)𝜀𝑠(𝜆)
𝐶1

𝜆5

1

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
𝑑𝜆

∞

0
     (6) 

where 𝜀𝑠𝑘𝑦(𝜆, 𝜃) is the spectral directional emissivity of the sky, which can be expressed in terms 

of spectral emissivity in the zenith direction as [39]: 

𝜀𝑠𝑘𝑦(𝜆, 𝜃) = 1 − (1 − 𝜀𝑠𝑘𝑦(𝜆, 0))1/𝑐𝑜𝑠𝜃       (7) 

where the terms 1 − 𝜀𝑠𝑘𝑦(𝜆, 0) = 𝜏𝑠𝑘𝑦(𝜆, 0) is the sky transmittance in the zenith direction, which 

is typically highest in the wavelength interval 8–13 μm (atmospheric window), but it is affected 

by local conditions, cloud cover, and air humidity. 

Lastly, the incident solar power absorbed by the surface is given as [40]: 

𝑄𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑠  ∫ 𝜀(𝜆, 𝜃𝑠𝑢𝑛) 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝑑𝜆
∞

0
       (8) 
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where 𝜃𝑠𝑢𝑛 is the angle between the incident direction of solar irradiation and the normal direction 

of the surface, and 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) is the wavelength-dependent direct solar irradiance. Figure 1(b) 

illustrates the spectral distribution of solar irradiation under the air mass (AM) coefficient of 1.5 

[1].The AM coefficient is expressed as the direct optical path length through the earth's atmosphere 

relative to the path length vertically upward in the zenith direction. 

The additional term, 𝑄𝑔𝑎𝑖𝑛 , accounts for conduction- and convection-related heat gain, and it may 

or may not be negligible depending upon the application. Conduction gains can be minimized by 

insulating the substrate from the bottom, whereas convection gains can be reduced by convection 

inhibitors or convection shields, which are typically radiatively transparent across a broad range 

of wavelengths. A common example of convection shield is the polyethylene film placed on top 

of the radiative surface maintaining a small air gap. Polyethylene film with a thickness of about 

10 μm has been reported to exhibit an average radiation transmission above 90% in the 8–13 μm 

wavelengths range [41]. 

2.2. Traditional Effective Properties 

The effective radiative surface properties are defined as an average parameter that provides the 

same total radiation power as the spectral properties over all wavelengths. Traditionally, each of 

the surface properties are calculated independent of others, which can result in inaccurate results 

because two different surfaces can have the same lumped emissivity, but different spectral 

emissivity and therefore they would absorb different amount of the atmospheric radiation. The 

effective thermal emissivity using the traditional method is expressed as [1]: 

Effective thermal emissivity 𝜀̅ =
∫ 𝜀𝑠(𝜆)

𝐶1
𝜆5

1

exp (𝐶2 𝑇𝜆⁄ )−1
𝑑𝜆

∞
0

𝜎𝑇𝑠
4       (9) 

Likewise, the effective solar absorptivity and reflectivity are calculated as [42]: 

Effective solar absorptivity 𝛼̅ =
∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) 𝜀(𝜆)𝑑𝜆
∞

0

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) 𝑑𝜆
∞

0

      (10) 

Effective reflectivity 𝑟̅ =
∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) 𝑟(𝜆)𝑑𝜆
∞

0

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) 𝑑𝜆
∞

0

        (11) 

Such that, 

𝑄𝑠𝑜𝑙𝑎𝑟 = 𝛼̅ 𝐴𝑠  𝑄𝑠𝑜𝑙𝑎𝑟
𝑡𝑜𝑡𝑎𝑙 , and         (12) 
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𝑄𝑟𝑎𝑑(𝑇𝑠) = 𝜀̅𝜎𝐴𝑠𝑇𝑠
4          (13) 

where 𝑄𝑠𝑜𝑙𝑎𝑟
𝑡𝑜𝑡𝑎𝑙  in the total solar power on the surface, and 𝜎 is the Stefan-Boltzmann constant (5.67 

 10-8 Wm-2 K-4). 

Equations (9) to (13) suffice when the emitting surface has relatively constant radiative properties 

in solar and thermal regimes. Also, because transmissivity is not accounted for, it is assumed that 

the radiative coating is opaque and thus the substrate does not participate in the radiation cooling. 

In most practical cases, however, the radiative coating is thin and semitransparent; therefore, 

substrate participates in the radiation, and the radiation at the substrate surface as well as indirect 

radiation due to internal transmittance and reflections cannot be ignored. 

2.3. Semitransparent Coating With Participating Substrate 

For a participating substrate, Equation 1 becomes more complex. We need to account for the direct 

as well as indirect radiations due to transmission through the radiative coating and reflections 

between the outer (coating) and inner (substrate) surfaces. Figure 2 shows the heat transfer 

processes when the radiative cooling surface is thin and semitransparent, and the substrate surface 

is opaque and participating.  

𝑄𝑛𝑒𝑡(𝑇) = ∑ 𝑄𝑟𝑎𝑑(𝑇) − ∑ 𝑄𝑠𝑘𝑦(𝑇𝑠𝑘𝑦) − ∑ 𝑄𝑠𝑜𝑙𝑎𝑟 − 𝑄𝑔𝑎𝑖𝑛      (14) 

Although all the terms remain unchanged from equation (1), the summation () in equation (14) 

represents the total, comprising both direct and indirect radiations at the outer and inner surfaces. 

 

Figure 2. Heat transfer processes at the semitransparent radiative coating with a participating 

substrate. Note only first reflection and transmission are shown here. In practice, the radiations in 
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a semitransparent radiative coating undergo multiple subsequent reflections and transmissions 

between the outer and inner surfaces. 

 

To simplify the calculations, we assume the radiative cooling layer is thin, that all absorbed 

radiation is at the surface, and that it does not scatter the radiation (the medium is non-

participating). Further, we assume that the radiative properties are dependent only on the 

wavelength and are independent of the angle of incidence relative to the surface and the 

temperature of the material in the range of operating temperatures. Lastly, we assume that the 

radiative properties at the two sides of coating material are the same. 

As shown in Figure 2, we define radiative terms for the outer (coating) and inner (substrate) 

surfaces: 𝜀𝑜𝑠(𝜆), 𝑟𝑜𝑠(𝜆), and 𝜏𝑜𝑠(𝜆) as the wavelength-dependent emissivity, reflectivity, and 

transmissivity of the outer surface; 𝜀𝑖𝑠(𝜆) and 𝑟𝑖𝑠(𝜆) as the wavelength-dependent emissivity and 

reflectivity of the inner surface; and 𝜀𝑠𝑘𝑦(𝜆) as the wavelength-dependent emissivity of the sky.  

To account for radiation transmitted internally between the two surfaces, we define a term called 

transmittance. Under the assumptions that irradiance is unity and beam to diffuse reflectivity and 

transmissivity for the coating and the substrate are negligible, the transmittance can be 

mathematically expressed as [43]: 

𝛤(𝜆) =
𝜏𝑜𝑠(𝜆)

1−𝑟𝑜𝑠(𝜆)𝑟𝑖𝑠(𝜆)
          (15) 

The net solar radiation absorbed by the outer surface can now be given as: 

𝑄𝑜,𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑠  ∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑜𝑠(𝜆)𝑑𝜆
∞

0
+ 𝐴𝑠  ∫  𝐼𝑠𝑜𝑙𝑎𝑟(𝜆) 𝛤(𝜆)𝑟𝑖𝑠(𝜆) 𝜀𝑜𝑠(𝜆)𝑑𝜆

∞

0
  (16) 

Note the first term in equation (16) accounts for the direct solar irradiance absorbed by the outer 

surface, whereas the second term represents the absorbed indirect solar irradiance that is 

transmitted and reflected between the two surfaces. The net solar radiation absorbed by the outer 

surface, 𝑄𝑜,𝑠𝑜𝑙𝑎𝑟 , can be simplified as: 

𝑄𝑜,𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑠  ∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑜𝑠(𝜆)(1 + 𝛤(𝜆)𝑟𝑖𝑠(𝜆))𝑑𝜆
∞

0
     (17) 

Likewise, we can express the solar irradiance absorbed by the inner surface as: 
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𝑄𝑖,𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑠  ∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑖𝑠(𝜆)𝛤(𝜆)𝑑𝜆
∞

0
       (18) 

The net radiation exchange between the outer surface and the sky is:  

𝑄𝑟𝑎𝑑
𝑜𝑠 (𝑇𝑜𝑠, 𝑇𝑠𝑘𝑦) = 𝐴𝑠 ∫ 𝜀𝑜𝑠(𝜆)(1 + 𝛤(𝜆)𝑟𝑖𝑠(𝜆))

𝐶1

𝜆5 [
1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
] 𝑑𝜆

∞

0
  

            (19) 

Lastly, the thermal radiation exchanged between the inner surface and the sky can be given as: 

𝑄𝑟𝑎𝑑
𝑖𝑠 (𝑇𝑖𝑠, 𝑇𝑠𝑘𝑦) = 𝐴𝑠 ∫ 𝜀𝑖𝑠(𝜆)𝛤(𝜆)

𝐶1

𝜆5 [
1

exp (𝐶2 𝑇𝑖𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
] 𝑑𝜆

∞

0
  (20) 

Because the radiative coating is thin, the outer and inner surface temperatures are nearly the same, 

and thus the radiation exchange between the two surfaces can be neglected: 

𝑄𝑟𝑎𝑑
𝑖𝑜 (𝑇𝑜𝑠, 𝑇𝑖𝑠) ≈ 0          (21) 

2.4. Effective Properties in the Solar and Thermal Region 

For radiation cooling calculations, the radiation spectrum is typically divided into two regions: 

solar and thermal. The solar region is the band of wavelength where solar power is mostly 

concentrated (0.3–2.4 μm), whereas the thermal region contains wavelengths at which the radiative 

surface emits, which is 5–35 μm for the blackbody at around 300 K. In this study, we considered 

λ𝑜=2.5 μm as the critical wavelength dividing the solar and thermal regions, and define the 

effective solar and thermal radiative surface properties to be the values that provide the same net 

cooling (𝑄𝑛𝑒𝑡) that would be observed using the spectral calculations for both the coating and 

substrate. Because the surface temperature in a radiative cooling application is typically near 300 

 20 K, λ𝑜=2.5 μm is the commonly used cut-off wavelength between solar and thermal regions; 

however, the derivations provided is this study are generic and could be used for any λ𝑜 based on 

the application and the temperature of the radiating surface. 

We express effective properties as follows: 𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠  as the effective solar absorptivity of the outer 

surface, 𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠  as the effective thermal emissivity of the outer surface, 𝛼̅𝑠𝑜𝑙𝑎𝑟

𝑖𝑠  as the effective 

solar absorptivity of the inner surface, and 𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑖𝑠  as the effective thermal emissivity of the inner 

surface. Likewise, the effective reflectivity of the outer and inner surfaces in solar and thermal 

regions are denoted as 𝑟̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 , 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠  and 𝑟̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 , 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑖𝑠 , respectively. Lastly, the effective 

transmissivity of the outer layer is represented as 𝜏̅𝑠𝑜𝑎𝑙𝑟
𝑜𝑠  and 𝜏̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠 . 
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Using Equation (15), the effective transmittance in the solar and thermal regions can now be 

expressed as: 

𝛤𝑠𝑜𝑙𝑎𝑟 =
𝜏̅𝑠𝑜𝑙𝑎𝑟

𝑜𝑠

1−𝑟̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 𝑟̅𝑠𝑜𝑙𝑎𝑟

𝑖𝑠           (22) 

𝛤𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝜏̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠

1−𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑖𝑠          (23) 

Because the net cooling power calculated using either the spectral properties or effective properties 

needs to be the same, we can express the effective properties of the outer and inner surfaces in the 

solar and thermal regions of the spectrum as: 

𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 =

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑜𝑠(𝜆)(1+𝛤(𝜆)𝑟𝑖𝑠(𝜆))𝑑𝜆
λ𝑜

0 −∫ 𝜀𝑜𝑠(𝜆)(1+𝛤(𝜆)𝑟𝑖𝑠(𝜆))
𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

λ𝑜
0

(1+𝛤̅𝑠𝑜𝑙𝑎𝑟 𝑟̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 )(∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝑑𝜆

λ𝑜
0 −∫

𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

λ𝑜
0 )

 

            (24) 

𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 =

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑜𝑠(𝜆)(1+𝛤(𝜆)𝑟𝑖𝑠(𝜆))𝑑𝜆
∞

λ𝑜
−∫ 𝜀𝑜𝑠(𝜆)(1+𝛤(𝜆)𝑟𝑖𝑠(𝜆))

𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

∞
λ𝑜

(1+𝛤̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 )(∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝑑𝜆

∞
λ𝑜

−∫
𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

∞
λ𝑜

)

 

            (25) 

𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 =

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑖𝑠(𝜆)𝛤(𝜆)𝑑𝜆
λ𝑜

0 −∫ 𝜀𝑖𝑠(𝜆)𝛤(𝜆)
𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑖𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

λ𝑜
0

𝛤̅𝑠𝑜𝑙𝑎𝑟(∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝑑𝜆
λ𝑜

0 −∫
𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

λ𝑜
0 )

  (26) 

𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑖𝑠 =

∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝜀𝑖𝑠(𝜆)𝛤(𝜆)𝑑𝜆
∞

λ𝑜
−∫ 𝜀𝑖𝑠(𝜆)𝛤(𝜆)

𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

∞
λ𝑜

𝛤̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙(∫ 𝐼𝑠𝑜𝑙𝑎𝑟(𝜆)𝑑𝜆
∞

λ𝑜
−∫

𝐶1
𝜆5[

1

exp (𝐶2 𝑇𝑜𝑠𝜆⁄ )−1
−

𝜀𝑠𝑘𝑦(𝜆)

exp (𝐶2 𝑇𝑠𝑘𝑦𝜆⁄ )−1
]𝑑𝜆

∞
λ𝑜

)

  (27) 

Also, using Kirchhoff’s law of thermal radiation, we can write: 

𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 + 𝑟̅𝑠𝑜𝑙𝑎𝑟

𝑜𝑠 + 𝜏̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 = 1,         (28) 

𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 + 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠 + 𝜏̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 = 1,        (29) 

𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 + 𝑟̅𝑠𝑜𝑙𝑎𝑟

𝑖𝑠 = 1,          (30) 

𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑖𝑠 + 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑖𝑠 = 1.         (31) 
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Note that there are ten variables (𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 , 𝑟̅𝑠𝑜𝑙𝑎𝑟

𝑜𝑠 , 𝜏̅𝑠𝑜𝑙𝑎𝑟
𝑜𝑠 , 𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠 , 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑜𝑠 , 𝜏̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑜𝑠 , 𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 , 

𝑟̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 , 𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙

𝑖𝑠 , and 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑖𝑠 ) but only eight equations (24–31), which means that these 

equations cannot be solved. Fortunately, commonly used inner substrate surfaces on 

building facades have nearly spectrally independent radiative properties, which means 

𝛼̅𝑠𝑜𝑙𝑎𝑟
𝑖𝑠 , 𝑟̅𝑠𝑜𝑙𝑎𝑟

𝑖𝑠 , 𝜀𝑡̅ℎ𝑒𝑟𝑚𝑎𝑙
𝑖𝑠 , and 𝑟̅𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑖𝑠  are known and nearly constant, reducing variable as 

well as equation count (24–29) to six. Lastly, the equations describing the effective 

properties are non-linear; therefore, we cannot obtain these variables directly but need an 

iterative numerical solver. One of such solver schemes written in MATLAB is provided in 

the supplementary information. 

2.5. Iterative Solver 

In this study, we employed MATLAB’s inbuilt optimization function fmincon to find the 

minimum constrained nonlinear multivariable function (|𝑄𝑛𝑒𝑡
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 − 𝑄𝑛𝑒𝑡

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
|), which is the 

absolute difference in the net radiation cooling obtained using spectral and effective properties. 

We assigned the radiative surface parameters with an initial estimate of 0.5, lower bound of 0, and 

upper bound of 1. We used an optimality tolerance of 10-6, function tolerance of 10-6, and step 

tolerance of 10-10 as the threshold values to stop the iterations, if crossed. Additional details about 

the function and the tolerances can be found in the references [44, 45].  

3. Results and Discussion 

To verify and validate our predictions of effective property values, we performed several case 

studies comprising radiative surfaces with the ideal broadband properties shown in Figure 3(a), 

the ideal selective properties depicted in Figure 3(b), the realistic diffuse properties with no 

transmissivity shown in Figure 3(c), and the realistic diffuse properties with transmissivity shown 

in Figure 3(d). 
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Figure 3. Radiative cooling surfaces with (a) ideal broadband properties, (b) ideal selective 

properties, (c) realistic diffuse properties with no transmissivity, and (d) realistic diffuse properties 

with 10% transmissivity. The inner surface properties are considered constant, only the outer 

surface properties vary in the different cases. 

We first calculated the value of effective properties of the radiative surfaces using the traditional 

method described in Section 2.2, and then using the developed method explained in Section 2.3. 

We compared the net radiative cooling at different surface temperatures using spectrally 

distributed properties and the effective properties obtained from the two methods. Table 1 shows 

the various parameters used for the calculations, and Figure 4 depicts the wavelength-dependent 

solar power obtained using blackbody radiation and sky emissivity obtained from the sky 

transmission files at reference [46]. The realistic spectrally varying emissivity was obtained from 

reference [15]. Lastly, we computed the estimation error, defined as the sum of absolute 

differences between the heat fluxes in solar and thermal regions at the two surfaces, and percentage 
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error as the estimation error over net radiation cooling obtained using spectrally distributed 

properties. 

𝐸𝑟𝑟𝑜𝑟 = |𝑄𝑛𝑒𝑡,1
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 − 𝑄𝑛𝑒𝑡,1

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
|

𝑜𝑠
+ |𝑄𝑛𝑒𝑡,2

𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 − 𝑄𝑛𝑒𝑡,2
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

|
𝑜𝑠

+ |𝑄𝑛𝑒𝑡,1
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 − 𝑄𝑛𝑒𝑡,1

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
|
𝑖𝑠

+

|𝑄𝑛𝑒𝑡,2
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 − 𝑄𝑛𝑒𝑡,2

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
|

𝑖𝑠
         (32) 

% 𝑒𝑟𝑟𝑜𝑟 =  
𝐸𝑟𝑟𝑜𝑟

𝑄𝑛𝑒𝑡,1
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙

+𝑄𝑛𝑒𝑡,2
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙  100              (33) 

where subscript 1 and 2 denote solar and thermal regimes at cut-off wavelength as 2.5 m, and 

superscript “spectral” and “effective” represent radiations calculated using spectral and effective 

radiative properties.  

 

Table 1. Constant and variable parameters used for the radiation cooling calculations. 

Parameter Unit Value 

Solar surface temperature K 5778 

Radiative surface temperature K 250-300 

Sky temperature K 250 

𝐶1 = 2𝜋ℎ𝑐2  W-m4/m2 3.74  108 

𝐶2 = ℎ𝑐 𝑘𝐵⁄  m-K 1.44  104 

Stefan-Boltzmann constant W/m2-K4 5.67  10-8 

Total solar power W/m2 961 
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Figure 4. Spectrally distributed solar power obtained using blackbody radiation and sky emissivity 

taken from the sky transmission files [46] . 

3.1. Spectral Versus Effective Parameters Using the Traditional Method 

Figure 5 shows the net radiation cooling calculated using spectral properties and effective 

properties obtained using the traditional method. The net radiation cooling is calculated at different 

surface temperatures between 250 K and 300 K, and the sky temperature is fixed at 250 K. The 

traditional method relies on averaging each surface parameter locally, instead of the net cooling 

effect. This method, therefore, works very well when the surface parameters remain nearly 

unchanged. For instance, in the case of ideal broadband, the surface properties are constant in the 

solar and thermal regimes. Consequently, the error between the net radiation cooling obtained 

using spectral and effective properties is small. More specifically, as shown in Figure 5(a), the root 

mean square error (RMSE) in this case is only 1.5%.  

In other cases, however, when surface properties change with wavelength, effective properties 

obtained from traditional methods are not accurate. For instance, in the case of an ideal selective 

surface, radiative properties undergo a step change near the atmospheric transparency window 

(Figure 5(b)). The difference between net cooling obtained from spectral properties and effective 

properties is 30%–65% and the RMSE is close to 47%. As shown in Figure 5(c), in the case of the 

diffuse opaque surface having a realistic spectral dependent emissivity, the error in the net cooling 

calculation by effective properties is 8%–50%, with an RMSE of 26.3%. The relative error in the 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



17 

calculation further increases if the coating surface is semitransparent (Figure 5(d)); the root mean 

square error in this case is 71.1%, despite the fact that the transmissivity of the coating is only 0.1. 

It is interesting to note that the net radiation cooling decreases from Figure 5(a) to Figure 5(d). The 

ideal broadband emissivity provides maximum cooling, up to ~300 W/m2 at a surface temperature 

of 300 K. The ideal spectrally selective emissivity results in the net cooling of around 142 W/m2 

at surface temperature of 300 K. The emissivity of a realistic surface is neither ideal broadband 

nor ideal spectrally selective, leading to lower radiation cooling than the ideal cases. We note the 

net cooling of around 127 W/m2 at surface temperature of 300 K. In the case where the 

semitransparent coating has a small transmissivity of 10% added over a highly absorptive substrate 

surface (α=0.91), the net radiation cooling decreased dramatically. Note that there is no cooling, 

but heating, until the temperature difference between surface and space is around 30 K. When the 

surface temperature is 300 K, we observed net radiative cooling of ~65 W/m2. The dramatic 

reduction in the net radiative cooling is due to the absorption of solar power at the inner surface 

that was transmitted from the outer surface. Clearly, even a small transmissivity of the outer 

coating over a highly absorptive substrate surface cannot be ignored. 
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Figure 5. The net radiation cooling calculated using spectral properties and effective properties 

obtained using the traditional method: (a) ideal broadband emissivity, (b) ideal selective 

emissivity, (c) diffuse opaque with realistic spectrally varying emissivity, and (d) diffuse surface 

with semitransparent coating.  

 

3.2. Spectral Versus Effective Parameters Using the Proposed Method 

Figure 6 compares the net radiation cooling calculated using the effective properties obtained from 

the proposed method versus the spectral properties. The differences are very small. In fact, the 

RMSE in all the cases is less than 0.2%. This is a substantial improvement over the radiation 

cooling estimation using the traditional effective method. Again, the net cooling is highest in the 

case of ideal broadband surface, followed by ideal selective, diffuse opaque, and lastly the diffuse 

semitransparent surface. 
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Figure 6. The net radiation cooling calculated using spectral properties and effective properties 

obtained using the proposed method: (a) ideal broadband emissivity, (b) ideal selective emissivity, 

(c) diffuse opaque with realistic spectrally varying emissivity, and (d) diffuse surface with 

semitransparent coating. 

 

Table 2 lists the net radiation cooling at different surface temperatures calculated using the two 

effective methods. Because the radiation cooling generated by the semitransparent coating is 

significantly lower than that of the opaque coating, the transmissivity of the radiative coating and 

the solar absorption by the substrate surface cannot be ignored, particularly when the solar 

absorptivity of the substrate is large. The thin radiative coating over the asphalt roof shingles can 

be a classic example. The asphalt shingles have a solar absorptivity of 0.91, which can substantially 

reduce the net radiation cooling generated by the radiative coating. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



20 

Table 2. Comparison of the net radiation cooling calculated using spectral and effective properties. 

Surface temperature 

(K) 

Radiative surface Spectral 

(W/m2) 

Traditional 

effective 

(W/m2) 

Proposed 

effective 

(W/m2) 

250 K 

Ideal broadband 64.6 66.4 64.6 

Ideal selective 51.3 17.8 51.3 

Diffuse opaque 24.5 12.3 24.5 

Diffuse semitransparent -61.1 -73.1 -61.1 

300 K 

Ideal broadband 301.0 302.4 301.0 

Ideal selective 142.5 99.6 142.5 

Diffuse opaque 127.4 116.6 127.4 

Diffuse semitransparent 65.2 54.8 65.1 

 

3.3. Comparison With Commercial Finite Element Code Results 

To increase our confidence in the proposed effective method, we employed an established 

commercial finite element code, COMSOL Multiphysics. We performed three set of simulations: 

first using the spectral properties, second using the effective properties from the traditional method, 

and third using the effective properties from the proposed method. It is important to highlight that 

the spectral simulations in COMSOL Multiphysics are not truly spectral because the program only 

allows users to input surface properties in multiple bands instead of a continually varying data set. 

We used nearly 40 spectral bands, each having bandwidth of 0.5 m; radiation outside of these 

bands are assumed constant. This deviation resulted in some differences in the calculated versus 

simulated results. However, overall, as shown in Figure 7(a), the difference in the modeling results 

using the proposed effective method is much smaller (< 6%) compared to the modeling results 

using the traditional effective method (error up to 36%). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



21 

Figure 7(b) illustrates the increase in computation time with increase in the spectral bands used 

during the computation. As stated, the finite element code like COMSOL Multiphysics employs 

multiple bands to handle the spectral variation in radiation properties; however, this method 

substantially increases the solver time. For instance, in the current example involving a simple 

radiative surface, the computation time increased from 54 seconds when spectral bands are 4 to 

nearly 18 minutes when spectral bands are 41. The computation time was noted to 22 seconds for 

the traditional effective method and 46 seconds for the proposed effective method. This 

demonstrates that the new method not only improves the accuracy but also the substantially 

reduces the computational time. 

 

Figure 7. Comparison using a commercial finite element code, COMSOL Multiphysics. (a) 

Differences in the net radiation cooling simulated using effective properties obtained from the 

traditional and proposed methods. (b) Increase in the computation time with increase in the number 

of spectral bands used during the simulation. 

 

3.4. Applications and Limitations 

Buildings account for nearly 30-40% of the total global energy consumption and CO2 emissions 

[47]. More importantly, about half of the total energy consumption in buildings is attributed to 

HVAC systems [48]. Radiative cooling coatings can be applied on the exterior surface of a building 

to reduce the heat gain [49]. The exterior roof surface is typically considered as the most preferred 

location for radiative coatings because of the high sky view factor. In literature, many studies 

highlight the benefits of white rooftops, having a high solar reflectance, that decrease the cooling 

load of the buildings [50-53]. The solar reflectance of commercial white paints is typically 80–

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



22 

90%, thus they reflect a large portion of solar irradiance. However, these coatings are not 

radiatively selective; therefore, they do not strongly emit thermal radiation in the atmospheric 

window and thus cannot provide sub-ambient cooling. 

The radiative cooling coating materials exhibit a strong spectrally dependent surface properties. 

Since the whole-building energy simulation program such as EnergyPlus requires a constant value 

of solar absorptivity and thermal emissivity for the opaque envelope, they are largely incapable of 

handling the spectrally varying radiative cooling coatings. Therefore, the studies relating the 

radiative cooling and HVAC energy use in buildings are very limited in the literature. Most prior 

studies either assumes a constant value for the radiative properties or obtain radiative properties 

by averaging each radiative surface parameter locally using traditional methods [54, 55]. As 

discussed in Section 3.1, the traditional method provides inaccurate results when radiative coating 

properties are highly wavelength dependent. 

The method proposed in this paper provides an iterative method to calculate the effective surface 

radiative properties in solar and thermal regions as required by the whole-building energy 

simulation program such as EnergyPlus. However, this method requires an initial estimate of the 

radiative surface temperature. Therefore, for practical applications, it would require some 

iterations between the whole-building energy simulation program and the proposed method to 

simultaneously estimate the radiative surface temperature as well as the effective radiative surface 

properties. Our follow-on study [56] demonstrates the practical benefits of using the proposed 

method over traditional method in estimating the potential energy benefits and limitations of 

radiative cool roof coatings in residential buildings across the United States. 

 

4. Conclusions 

This paper demonstrates an iterative method to estimate the effective surface radiative properties 

in solar and thermal regions of the spectrum for accurate estimation of net radiation cooling. We 

compared the effectiveness of the proposed method over the traditional averaging method and 

noted a significant improvement in the accuracy and the computation time.  

The key findings of the study are listed below: 
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• The traditional methods, which calculate lumped radiative properties in solar and thermal 

regime by averaging each of radiative surface parameters locally, works well only for the 

materials whose surface properties are weak functions of wavelength, such as the ideal 

broadband surface coatings. 

• The proposed method includes all the variables such as absorptance, emittance, and 

transmittance collectively and accurately estimates radiation cooling even in the cases 

when surface properties are strongly wavelength dependent. 

• The root mean square error in the radiation cooling calculations using the proposed 

effective method was noted to be less than 0.2%, in comparison to the error up to 71% from 

the traditional effective method. 

• The results obtained using the proposed method were compared with results generated by 

a commercial finite element code, COMSOL Multiphysics. The maximum difference of 

less than 6% was noted in the case of the proposed effective method against the difference 

up to 36% in the case of the traditional method. 

• Spectral discretization of the wavelength employed in program like COMSOL 

Multiphysics is computationally expensive, especially when number of spectral bands is 

large. The new method not only improves the accuracy but also the substantially reduces 

the computational time 

• Lastly, the MATLAB code is provided in the supplementary information that can be further 

customized for other applications. 
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