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Abstract:



The main goal of this paper is to explore the radiative cooling and solar heating potential of several materials for the built environment, based on their spectrally-selective properties. A material for solar heating, should have high spectral emissivity/absorptivity in the solar radiation band (within the wavelength range of 0.2–2 μm), and low emissivity/absorptivity at longer wavelengths. Radiative cooling applications require high spectral emissivity/absorptivity, within the atmospheric window band (8–13 μm), and a low emissivity/absorptivity in other bands. UV-Vis spectrophotometer and FTIR spectroscopy, are used to measure, the spectral absorption/emission spectra of six different types of materials. To evaluate the radiative cooling potential of the samples, the power of cooling is calculated. Heat transfer through most materials is not just a surface phenomenon, but it also needs a volumetric analysis. Therefore, a coupled radiation and conduction heat transfer analysis is used. Results are discussed for the selection of the best materials, for different applications on building surfaces.
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1. Introduction


Buildings are responsible for about 35–40% of all energy used globally. The way the building surfaces emit and absorb radiative energy during daytime or nighttime, determines the energy loss or gain by them, which is correlated to the energy they use for heating or cooling purposes. It is often desired to tailor the radiative properties of surfaces, to change their natural ability to absorb, emit, or reflect radiative energy. The Earth’s atmosphere is almost transparent to the emitted radiation from an object, between the wavelengths of 8–13 µm. This means that almost all radiative energy within this band can be easily lost to the sky and helps the objects cool off. This wavelength interval is called the “atmospheric window”. The key to obtain radiative cooling, is to create an imbalance between the absorbed radiation from the environment and the heat radiated outwards through the atmospheric window. In situations where a surface is to be kept cool while subjected to the Sun, it is necessary to have the maximum reflection of solar energy within the wavelength range of 0.2–2.0 μm, where incoming radiative energy is maximum, and to have maximum radiative emission from the surface in the 8–13 μm wavelength spectrum [1].



If a surface has high absorptivity within the visible and ultraviolet spectrum (i.e., the wavelength range of 0.2–2.0 μm), it can absorb most solar radiation similar to a blackbody. The Planck equation, describes the spectral-energy distribution of radiation emitted by a blackbody, which is a hypothetical body that absorbs all radiant energy falling on to it. A blackbody is also the maximum emitter, and its equilibrium temperature is determined by carrying out the radiative energy balance on it. If a surface is in a vacuum, it may not have any energy transfer by conduction or convection; then the equilibrium temperature is determined by pure radiative transfer analysis. Otherwise, both conduction and convective heat transfer gains and losses should be accounted for in the calculations [1].



In order to attain an equilibrium temperature below the ambient during daytime radiative cooling, it is important to reflect more than 88% in-coming solar radiation [2]. This so-called spectrally-selective reflection, can be achieved using special coatings. However, covering an object with a strong solar reflector notably alters its color, which might not be favorable for visual reasons [3]. Other alternatives include polished metals, which may be used for some applications as a highly reflective coating; yet, they usually have high reflectivity at the atmospheric window as well. Copper oxide and copper sulfide metal films, are examples used for solar thermal applications [4].



For thermal control in outer space, various spectrally-selective surfaces have also been used. Among them, OSR or the optical solar reflector, is a mirror composed of a glass layer silvered on the back side. The glass is transparent in the short wavelength region and allows the silver substrate to reflect incident radiation in this spectral region [1]. In low thrust radiation-cooled rockets or space crafts, the most common material used is a niobium alloy (C-103) with a fused silica coating (R-512A or R-512E) for oxidation protection. A new class of oxidation-resistant and high-temperature materials have also been developed for radiation-cooled rockets. Rhenium coated with iridium is one of the most common of these high-temperature materials. Additionally, different material systems have been studied, such as hafnium carbide/tantalum carbide matrix composites and ceramic oxide-coated iridium/rhenium chambers [5].



Paints are also important for radiative cooling applications. Paints are the mixture of pigments and resin, and pigments are metal oxides and semiconductors [1]. Most paints emit strongly at the longer wavelengths, that is at infrared spectrum beyond 2.0 μm, and they also strongly reflect the incident solar radiation at shorter wavelengths [1]. Titanium dioxide based white paint, usually used as an external solar-selective coating, is preferable among other paints [6], whilst, metalized Teflon, aluminized Kapton, and some light colored paints darken over a long period of time and degrades their performance [7].



Absorptivity, emissivity, and reflectivity are material properties of a surface. Therefore, changing the surface characteristics of a material alters its reflectivity, absorptivity, and emissivity. The modification of a surface, might result in increased absorptivity or emissivity due to reduced reflectivity. A surface coating, for example, may transfer more long-wavelength radiation (infrared, IR) into a low emissivity material, or it might decrease its absorptivity and emissivity by increasing the overall reflectivity, and by prohibiting a material from radiating infrared energy. This is the reason that surface modifiers, such as paint and shiny metal cladding, decrease or increase a material’s apparent emissivity [8].



Gonome et al. [9] compared the CuO pigment with Titanium dioxide (WO2) white pigments. Their results showed that although the CuO coating displays a dark, black-color, the performance of CuO pigment was much higher than that of Titanium dioxide white pigment. Another class of selective emitters is based on rare earth metals, due to their high absorption in the infrared spectrum [10,11,12]. These metals are rarely considered in practical applications because of they are not widely available; however, they have found some recent use as composites where they are mixed with other materials, such as titania or other ceramics. The problem with these rare earth composites, is that at higher temperatures, grey-body like emission starts to dominate the emission.



Another way to achieve spectrally-selective surface characteristics is based on using regular micro-roughness (a “grating”) on a surface. The roughness dimension in such structures, should be comparable to the size of the wavelength of interest [13,14,15]. Using electromagnetic scattering theory, such wavelength-selective behavior can be determined, which has been experimentally verified [16,17]. In applications that need absorption peaks at different wavelength bands, nanoscale structures and nano-sized metal particles embedded in semiconductor matrix or insulators have been preferred [11]. However, these nano- or micro-structured materials are expensive and their fabrication process is time-consuming. Instead, it is desirable to find natural materials that can be used as spectrally-selective absorbers and reflectors in many applications, from buildings to any other devices. These so-called sustainable materials can be produced in high volumes, without disrupting the established steady-state equilibrium of the environment [18]. In the present work, we studied several of these materials to determine their potential for radiative cooling of building walls and roofs.



Conduction and radiation are the two main heat transfer modes that can be considered at the roofs and walls of the built environment. Although thermal radiation can be treated independently, in many cases it needs to be coupled with heat conduction. Radiation is a surface phenomenon for optically thick solids and liquids, yet for porous media, it is a volumetric phenomenon. As such, a coupled conduction and radiation problem needs to be solved, which allows the calculation of the temperature profile within a material [19].



The radiation energy within a medium is tracked by solving the radiative transfer equation (RTE). Furthermore, the conservation of energy or the first law of thermodynamics must be satisfied, resulting in the overall energy equation (EE). The EE and RTE are coupled in a participating medium. The divergence of the radiative flux, enters as the sink or the source term in the EE, so long as the temperature that is obtained by solving the EE at any point, influences local emission and radiative properties affecting the solution of the RTE [1,20].



As mentioned before, our objective in this study is to evaluate radiative cooling at the roofs and walls of buildings, by using inexpensive sustainable materials which have not been used upto now. In Figure 1, a schematic for building-related radiative cooling applications is presented; the primary goal of the present study is highlighted by bold lines.


Figure 1. A schematic to show different materials, which can be used for radiative cooling applications in the built environment.



[image: Sustainability 10 03049 g001]







2. Theoretical Analysis


First, we provide a simple analysis of heat balance for buildings surfaces. Temperature is assumed constant within the medium, and we consider only the radiative energy balance on a surface. This is called the ‘power-of-cooling’ analysis. The schematic for the system considered, is shown in Figure 2.


Figure 2. Schematic of radiative cooling, based on radiative energy balance on an opaque surface.
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We consider the temperature, TS, of an opaque surface as constant. It is assumed to have directional and spectral emissivity [image: ], where [image: ] is the wavelength, and [image: ] is the solid angle. The surface is subjected to solar irradiance and atmospheric irradiance and is exposed to a clear sky corresponding to an ambient temperature Tamb. [image: ] is the net cooling power of the surface per unit area of the surface, which is defined as:


[image: ]



(1)
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(2)
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(3)







The radiated energy by the surface per unit area is integrated over all angles,


[image: ]



(4)




which provides the angular integral over a hemisphere. The spectral intensity of the Planck blackbody radiation at temperature T is given as [1]
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(5)




which yields,
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(6)
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(7)




is the absorbed power per unit area emerging from the atmosphere, and
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(8)




is the incident solar power absorbed by the surface per unit area. In writing Equations (7) and (8), Kirchhoff’s law ε(λ,0) = α(λ,0) was used for the zenith angle of zero. The direction-dependent emissivity of the atmosphere is given by


[image: ]



(9)




where t(λ) is the atmospheric transmittance in the zenith direction [21]. kB, λ, h, and c, are the Boltzmann constant, wavelength, the Planck constant, and the speed of light, respectively. In Equation (8), the solar illumination is represented by AM1.5 Global Tilt spectrum with an irradiance of 964 W/m2, which represents the average solar conditions of the continental U.S. [3], and is similar to that for Turkey. We assume that the surface is facing the sun; therefore, Psun is not direction dependent. The emissivity of the surface is represented by its value at the zenith direction θ = 0 and is equivalent to ε(λ,0).


[image: ]



(10)







The lost power by convection heat transfer is neglected here, for the sake of simplicity.



2.1. Coupled Heat Conduction and Radiation Transfer with Temperature Profile in One-Dimensional Non-Gray Media


Next, we consider a thick semi-transparent structure (Figure 3), where both the volumetric radiation and conduction heat transfer are accounted for in the analysis. Absorption and emission of radiation are considered from both sides of the surface. In this work, we applied P1 approximation for the solution of radiative transfer equation [1,22].


Figure 3. Schematic of an optically thick medium, where both radiation and conduction transfer are considered.
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The conservation of energy equation is written based on one dimensional steady-state case and the energy balance can be expressed in a narrow strip. The divergence of total heat flux is expressed for coupled heat conduction and radiation as [1,23,24,25].


[image: ]



(11)




where qrad and qcon are the radiative and conductive heat fluxes, respectively, and k is the thermal conductivity. The conductive heat flux in the medium is given by the Fourier law [23]


[image: ]



(12)







The divergence of the spectral radiative heat flux based on stepwise spectrally gray box model, and is written as


[image: ]



(13)




κλ and Gj are the absorption coefficient and the incident radiation in j-th spectral box (wavelength interval), and NB is the number of gray boxes. Gj would be defined


[image: ]



(14)




λj,l and λj,u are the lower and upper boundaries of the j-th gray box. In this study, we assumed a homogeneous medium without any particles, therefore there is no scattering, and the absorption coefficient is equal to the extinction coefficient. Substitution of Equations (12) and (13) into the Equation (11) yields Equation (15):


[image: ]



(15)







The parameter NB + 1 corresponds to the part of the spectrum which is outside of the defined spectral boxes, or so-called windows. The incident radiation Gj can be determined using the P1 approximation for non-scattering medium. As mentioned above, we assume non-gray, homogeneous non-scattering, and a one-dimensional medium which is confined between isothermal boundaries. Using such boundary conditions, which are [image: ] and [image: ] (Figure 4), the following governing equations need to be solved [22]
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(16)




with the boundary conditions
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(17)
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(18)






Figure 4. Perlite Pumice Composite powder (PPC) camera image.
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Equations (15) and (16) can be written in the matrix form for the solution, as explained by Mazumder [20].



If we use a spectral extinction coefficient, we should choose one of the non-gray methods, such as stepwise gray box models, narrow band models, wideband models, weighted-sum-of-gray-gases-models, and recently, narrowband k distributions or full spectrum j distributions. As explained in References [1,19,20], some of these methods are extremely time-consuming for ordinary engineering calculations; so we selected the gray box model, which is simple and effective for non-gray calculations.





3. Experimental Studies


3.1. Materials


The concept of passive radiative cooling in buildings, returns to Roman times and recent cool-roof treatments in subtropical climates. Instead of different oxide and non-oxide ceramics that can be used for these purposes, inexpensive, readily available materials may be preferable to construct roof panels for attaining night time and day time passive cooling in tropical locations [26]. We consider sustainable, readily-available and relatively inexpensive materials (such as expanded polystyrene, perlite pumice composite, and its painted and planted types), for possible radiative cooling in buildings. In the first step, we used these materials as insulating materials, as reported in our recent papers [27,28]. The materials which we used in this paper, are listed in Table 1.


Table 1. List of the materials.





	Name
	Image





	XPS = Extruded Polystyrene Foam

Consists of closed cells, which improved higher stiffness and surface roughness and reduced thermal conductivity [27].
	 [image: Sustainability 10 03049 i001]



	Perlite Pumice Cement Composite (PPC)

They are derived from volcanic rock and might be applicated in a variety of soil mixes [28].
	 [image: Sustainability 10 03049 i002]



	White Painted PPC

The PPC sample was painted with white paint in the laboratory.
	 [image: Sustainability 10 03049 i003]



	Black Membrane

The Black membrane is EPDM (Ethylene propylene diene monomer (M-class) rubber), which is explained in the text [33,34].
	 [image: Sustainability 10 03049 i004]



	Red Membrane

The Red membrane is the red shingle, which is explained in the text [35,36].
	 [image: Sustainability 10 03049 i005]



	Plant or moss

Simple grass gathered from typical green-roofs at the University campus.
	 [image: Sustainability 10 03049 i006]









Sustainable materials, are those materials which provide social, environmental, and economic benefits whilst protecting public health and the environment over their whole life cycle, i.e., from their extraction of as a raw material until their final disposal; and sustainable building materials are typically certified to be sustainably managed. They are non-toxic, recycled materials, reusable and renewable, so they have an environmental benefit [29,30].



Each of these materials is briefly explained below:



XPS: Extruded polystyrene foam contains closed cells, causes meliorate higher stiffness and surface roughness, and has low thermal conductivity. Density range is about 28–45 kg/m3. It absorbs only minimum quantities of moisture, and is resilient and resistant to aging and rotting. Its thermal conductivity varies between 0.029 to 0.039 W/(m·K) with an average value of ~0.035 W/(m·K) based on its strength/density. Water vapor diffusion resistance (μ) of XPS is around 80–250; therefore, XPS is suitable for wetter environments.



Extruded XPS, is in the form of continuous foam billets. Polystyrene is melted inside of the extruder, and by adding carbon dioxide (CO2) or sometimes partially halogenated fluorochlorohydrocarbon as a foaming agent, it extrudes through a nozzle, and finally, thicknesses between 20 and 200 mm can be produced. While running through a cooling zone, the billet can be cut (by sawing) into panels in a subsequent machine and the edges can be formed. The foam skin stays on the external surfaces of the panels. In the case of using for “insulation under plaster”, the foam skin can be removed. Finally, the panels are aged to admit dimensional consistency [31,32].



Perlite pumice composite (PPC): Perlite, which has the potential to be utilized as a raw material in geopolymerization technology, is an amorphous aluminosilicate volcanic glass. It has 2–5% combined water. If heated to temperatures between 760 °C and 1150 °C, it expands 10 to 30 times of its original volume, depending on the raw material mixture [37,38,39].



Pumice can be considered as a sustainable building material [40]. Pumice with a sponge-like structure is a lightweight volcanic aluminum silicate, which is formed by the expansion of gases when molten lava rapidly cools. It has a low bulk density in the range of 480–960 kg/m3 and has low thermal conductivity, low sound transmission characteristics, and high strength-to-weight ratio. These properties make it favorable as an additive for lightweight aggregate, bricks, and blocks and aggregate for plaster and concrete [41]. In this study, we used perlite pumice composite powder (PPC), which is shown in Figure 4. We mixed it with enough water like a slurry and poured it in two molds for making our samples. After drying, we painted the upper surface of one of them with white paint for our experiments.



Black membrane or EPDM: EPDM rubber (ethylene propylene diene monomer (M-class) rubber), is a kind of synthetic rubber and an elastomer with several potential applications. EPDM is an extremely durable membrane that is widely used in low-slope buildings. Its two primary ingredients, propylene and ethylene are derived from natural gas and oil. EPDM exists in both white and black colors, and is sold in a wide variety of widths, ranging from 2.2–15.2 m, and in two different thicknesses of 1.1 and 1.5 mm. EPDM may be installed either fully adhered, ballasted, or mechanically attached, sealed with liquid adhesives or specially formulated tape with the seams of the roofing system [34].



Red membrane: Red membrane is a type of wall or roof element that uses asphalt for waterproofing. There are two dominant base materials in forming asphalt shingles. First one, has a fiberglass base and second, a formerly-living organic base. Both types are produced in a similar manner, with asphalt or modified-asphalt applied to one or both sides of the asphalt-saturated base, covered with quartz, ceramic granules, stone or vitrified brick and the back side treated with mica, sand, or talc to inhibit the shingles from sticking to each other before usage. The top surface granules, provide some physical protection of the asphalt and give the shingles their color by blocking ultraviolet light. To avoid shingles from being separated by high winds, self-sealing strips are used as adhesion on shingles. Shingles are commonly manufactured from limestone, fly-ash-modified resins, or polymer-modified bitumen element. SBS or a styrene-butadiene-styrene, sometimes called rubberized or modified asphalt, is sometimes added to the asphalt mixture as an additive to create shingles more resistant to thermal cracking, as well as more resistant to damage from hail strikes [37,38]. In this work, we used a red version and called it red membrane.



Plant or Moss: For modeling a green roof, we used moss from the roof-tops of the buildings at the campus of Ozyegin University. A moss is a plant which is produced of spores and is flowerless, with the spores produced in small capsules. They typically grow in dense green mats or clumps, frequently in shady or damp locations [42]. The image of the sample and its corresponding optical microscope microstructure, are shown in Figure 5 and Figure 6.


Figure 5. Moss sample camera image.



[image: Sustainability 10 03049 g005]





Figure 6. Structure of moss under optical microscope.
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3.2. Spectral Measurement and Analysis


For a detailed discussion of radiative cooling, we needed to know the spectral properties of the samples. In this regard, all six samples were analyzed using a UV-Visible spectrophotometer and Fourier Transform Infra-Red (FTIR) spectroscopy. The UV-Visible spectrophotometer, uses light in the visible and at near-UV and near-infrared wavelengths [43]. FTIR spectroscopy is a technique which is used to obtain the infrared spectrum of absorption or emission of a solid, liquid, or gas. The FTIR spectrometer, simultaneously collects high spectral resolution data over a wide spectral range, from 2 to 20 μm, or more [44,45].



All FTIR spectroscopy data were recorded as direct (specular) absorbance or transmittance. Diffuse absorbance and transmittance spectroscopy measurements in the UV-Visible near IR region, were carried out on a Nicolet iS10 FTIR Spectrometer. Spectra were recorded at room temperature, between 4000 and 400 cm−1 (wavenumber). In infrared spectroscopy, IR radiation is incident on a sample; then some of the infrared radiation passes through (transmitted) and some of it is absorbed by the sample. The resulting spectrum represents the transmission and absorption of a sample [46,47,48].





4. Results and Discussion


4.1. Experimental Results


We first provide the experimental results as measured from the UV-Visible spectrophotometer and FTIR spectroscopy, which correspond to the solar window of 0.2–2 µm and the atmospheric window of 8–13 µm wavelength intervals. A system with high emissivity in both solar radiation and atmospheric window bands can act as a solar heating system during daytime, and also a radiative cooling system at night time [49,50]. It is effectively an ideal surface for this application; its expected spectrum is shown in Figure 7.


Figure 7. Ideal surface spectral emissivity, for solar heating and radiative cooling applications. The rectangular boxes show the desired spectral bands for the ideal case. Irradiance for T = 300 K is drawn after multiplying by 106.
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Solar collectors have high emissivity in the solar radiation band and low emissivity in other bands. The solar radiation band, within the 0.2–2 µm wavelength range, can be used for determining the best solar collection ability, whereas, 8–13 µm is the atmospheric window band, which is significant for selecting the best radiative emitters or radiative coolers. By using the UV-Visible spectrophotometer in this study (Section 4.1.1 in the following), the best material with potential of being a solar collector was selected, whereas by using the FTIR spectrometer, the best candidates for radiative cooling application were selected.



4.1.1. UV-Visible Spectra Measurements


UV-Visible absorption spectroscopy, is the measurement of the attenuation of a beam of light after it passes through a sample, or after it reflects from a sample surface. Absorption measurements might be at a single wavelength or over a spectral range [51]. To analyze the solar to thermal conversion efficiency of the materials and to evaluate the behavior of the samples within solar radiation band, the UV-Visible spectra of the samples were measured. They are depicted in Figure 8, where the UV-Visible spectrum of each sample is unique.


Figure 8. Spectral reflectivity of different samples at near-infrared, 0.2–0.8 µm wavelength range. Measurements were made using a Shimadzu 3150 UV-Visible-NIR Spectrophotometer (Performed at Sabanci University, Istanbul, Turkey).



[image: Sustainability 10 03049 g008]






Because the samples considered were opaque; their spectral transmissivity was zero. We know [image: ], and therefore, [image: ]. Based on Kirchhoff’s Law, [image: ]. Hence, the results provided below for lower reflectivity, correspond to higher emissivity.



The results in Figure 8, show the black membrane is the only sample that has low reflectivity and high emissivity in the solar radiation band. Black membrane showed no reflection peak in UV light range, so based on the mentioned formulations above, it showed high absorption peak at UV. It can be noted from its spectra, that the absorption characteristic of the black membrane has a broader absorption wavelength compared to the other samples. If the samples were evaluated for a solar heating model or solar collector, black membrane would be the best candidate to be used.




4.1.2. FTIR Spectroscopy Experiments


In FTIR spectroscopy, IR radiation is passed through a sample, which is partially absorbed or transmitted. The resulting spectrum represents the absorption and transmission of a sample [52,53]. To evaluate the spectral characteristics of different samples in the atmospheric window, we used an FTIR spectrometer and measured their spectral absorption profile. Based on Kirchhoff’s law, the spectral emissivity is the same as the spectral absorptivity [image: ]; for that reason, we refer the results shown in Figure 9 as the spectral emissivity.


Figure 9. Spectral emissivity of the samples measured by Thermo-Nicolet iS10 FTIR spectrometer. (Performed at Sabanci University, Istanbul, Turkey).
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We note from the data given in Figure 9 that moss, PPC, and Painted PPC have high spectral emissivity in the atmospheric window range of 8–13 µm, whereas their spectral emissivity is low within the other bands. This means that they can be good candidates as radiative emitters in the long wavelengths and for radiative cooling applications in daytime. On the other hand, XPS, black membrane, and red membrane had low spectral emissivity in the atmospheric window, so they do not have the potential to be used as a radiative cooler.



Spectral Absorption Coefficient


The absorption spectra of the samples in two series, are presented in Figure 10. Absorbance or absorptivity (or emissivity) of the samples were measured by FTIR, as explained in the previous section. In the samples considered, the spectral properties, which are essential for radiative cooling calculations were not available at all. We had to measure the properties in specific experiments, which could be compared against the numerical results for validation. Such results, are depicted in Figure 8 and Figure 9.


Figure 10. Spectral absorption coefficient (in units of 1/m) of roof materials measured by Thermo-Nicolet iS10 FTIR spectrometer (Performed at Sabanci University, Istanbul, Turkey).
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The spectral absorption coefficient κλ of the samples can be calculated by [1]


[image: ]



(19)




where Aλ is the spectral absorbance measured from the experiments and t is the thickness of a sample. This equation is based on a direct relationship between the spectral absorptivity and the spectral absorption coefficient. We note that high spectral absorption in the atmospheric window yields better performance for radiative cooling, as it was obvious in moss, PPC, and Painted PPC samples.



In the following analysis, the spectral absorption coefficient of the samples was plotted by dividing them into two groups. In the first group, PPC, Painted PPC and moss displayed similar behaviors of increase and decrease in the wavelength range of atmospheric window (8–13 µm). However, for the moss sample, after 11 µm wavelength there was a dramatic increase in the spectral absorption coefficient. A change like that, in the curvature of the absorption coefficient, shows a change in band gap [54]. In the second group of the samples, XPS, black membrane, and red membrane did not show any significant absorption coefficient in the atmospheric window range.



We noted above that high spectral absorption in the atmospheric window is better for radiative cooling. From the results above, it was obvious that moss, PPC, and Painted PPC samples were better candidates for this application.




Band Approximation with Stepwise Gray Box Model


If a medium is semi-transparent, then radiation penetrates the medium. The ability of the materials to absorb thermal radiation might be expressed by the absorption coefficient [55]. Spectral absorption coefficient of a material, dictates how far spectral radiation penetrates into it, and the absorption coefficient depends on the nature of the material [56,57]. The spectral models for the absorption coefficients (in units of 1/m) for six different samples, are presented in Figure 11. Note that these κλ values were determined using the Equation (19) given above.


Figure 11. Box model approximation for the absorption coefficient of six different roof materials; in units of 1/m. (a) PPC, Painted PPC, and Plant (moss); and (b) XPS, Black membrane, and Red membrane.
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Three separate spectral intervals (the so-called gray bands) were selected. We considered the solar window, the atmospheric window, and one in between. In Figure 11a, PPC, Painted PPC, and moss results are shown.



In Figure 11b, XPS, black membrane, and red membrane results are presented based on THE stepwise gray box model as explained before.



Figure 12 represents the spectral absorption coefficient, calculated experimentally and numerically for each of the six samples.


Figure 12. Spectral absorption coefficient of sustainable roof materials. Comparisons of experimental and numerical results, in units of 1/m.
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As shown in Figure 12, there is a sharp increase in the spectral absorption coefficient for moss at wavelengths longer than 11 µm, which could be related to cutin [58]. In plants, for preventing water loss from internal tissues, cuticles are formed as a barrier and can cover the epidermis leaves, fruits, petals of fruits, and non-lignified stems. Cuticles include mostly intracuticular waxes that are embedded in the cutin matrix, and epicuticular waxes that are deposited on the surface [59]. The sharp increase was attributed to the presence of cutin in moss.






4.2. Numerical Analyses


4.2.1. Power of Cooling Calculated for Constant Temperature


The net radiative cooling power or power of cooling depends on three parameters: (1) The temperature of a surface; (2) the emissivity of a surface; and (3) the inclination of the radiator surface from the zenith. The first and the third properties, are taken as constants in this study. Therefore, the only variable that affects the power of cooling is the spectral emissivity of different samples, which is related to the nature of the material [60].



To calculate the power of cooling or net power (Pnet), equations 1 to 9 were solved in MATLAB using the experimental data obtained from the FTIR measurements (Figure 9). Tamb is considered 30 °C or 303 K, and θ = 0. Non-radiative heat transfer coefficient hc is assumed negligible, since it is not related to the radiative performance of these samples. Comparisons of the cooling performance of each sample, are presented in Table 2.


Table 2. Comparisons of the cooling characteristics of each surface.





	Material

Tamb = 303 K
	Net Radiative Power (W/m2)

Prad at 273 K
	Net Radiative Power (W/m2)

Prad at 283 K
	Net Radiative Power (W/m2)

Prad at 293 K





	PPC
	12.4
	15.4
	18.7



	Painted PPC
	12.9
	16.0
	19.4



	Plant or moss
	23.5
	28.6
	34.2



	Black membrane
	8.2
	10.4
	12.7



	Red membrane
	7.3
	9.0
	11.0



	XPS
	6.5
	8.0
	9.7



	Selective emitter

(Ideal sample)
	47.9
	60.4
	74.5









In the first set of comparisons, the results for different samples were considered along with those for the ideal case. What we call as the “ideal sample” is the surface with the most desirable spectral properties. Such a “selective emitter” should have unit emissivity in the 8–13 μm wavelength range, and zero emissivity in other bands. The schematic of the ideal or selective emitter and blackbody emitter, is shown in Figure 13. A blackbody emitter has unity value, for its emissivity at all wavelengths.


Figure 13. Spectral emissivity of an ideal selective emitter and a blackbody.
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Among the samples considered in this study, the moss sample had the highest cooling power of 34.2 W/m2 at a surface temperature of 293 K and ambient temperature of 303 K. Under the same conditions, the selective emitter (ideal sample) had cooling power of 74.5 W/m2. White painted PPC and PPC, had the highest cooling power after the moss sample, with cooling powers of 19.4 W/m2 and 18.7 W/m2, respectively. Their values were close to each other and showed that painting a PPC sample does not improve the power of cooling too much. In the remaining samples, the cooling power was lower than those mentioned above.



Silicon oxide, which is essentially glass, is also suggested to be used as a possible radiative cooler; its properties as a selective radiator and corresponding power of cooling were reported [60]. In Table 3, the power of cooling of silicon oxide is compared to the moss sample, which had the highest power of cooling in this study. It was clear that moss could be a better radiative cooler, rather than the silicon oxide, and grows naturally. Moss is a sustainable material, which can be easily used in green-roof applications.


Table 3. Comparisons of the cooling characteristics of Moss and silicon oxide surfaces.





	Material

Tamb = 303 K
	Net Radiative Power (W/m2)

Prad at 293 K





	Plant or moss
	34.2



	Silicon oxide
	27.5









Figure 14 shows the radiative cooling of different samples in the summer, for both daytime and nighttime, corresponding to different surface temperatures. The change in the radiative cooling power of the samples at the ambient temperature of 30 °C (303 K, at daytime) and 20 °C (293 K, at nighttime) were modeled and plotted. These calculations were performed as discussed in Section 2.1 and were based on the Equations (1)–(9). The ideal composite surface always has the highest cooling power when the ambient temperature is higher than the surface temperature. In that sense, the selective emitter, has the highest power of cooling. Both PPC and white painted PPC showed similar cooling performance, since their spectral emissivities were similar, whilst black membrane, red membrane, and XPS displayed low power of cooling compared to the ideal selective emitter.


Figure 14. Change in radiative cooling power of the samples in summer, as a function of surface temperatures, for two different values of ambient temperatures: (a) 30 °C Daytime; and (b) 20 °C Nighttime.
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The change in the radiative cooling power of different samples for winter at the ambient temperature of 10 °C (283 K, during daytime) and 0 °C (273 K, during nighttime), is shown in Figure 15 (based on Equations (1)–(9) in Section 2.1). The ideal selective emitter and the moss sample have the highest cooling power. From these results, we could comment that for summer daytime cooling, moss was better than all other samples.


Figure 15. Change in radiative cooling power of the samples in winter time as a function of surface temperatures, at ambient temperatures of (a) 10 °C Daytime; and (b) 0 °C Nighttime.
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4.2.2. Coupled Heat Conduction and Radiation Simulations


In this section, we discuss the results for a non-gray medium with a temperature gradient in the medium, as discussed in Section 2.1. This case is closely related to energy transfer through porous structures, such as painted walls or roofs. We omit the effect of convection (wind) for the sake of simplicity, which can be easily added.



Numerical simulations for a non-gray case were performed based on the six different materials. The properties used are outlined in Table 1, based on the parameters listed in Table 4. A stepwise gray model was used the spectrum consisted of three spectral bands (based on [20]).


Table 4. Summary of the parameters used in the analysis.





	T0
	TL
	λ1
	λ2
	λ3





	293 K
	300 K
	2.7 µm
	4.3 µm
	15 µm









Optical properties of the materials studied, were not available in the literature. Consequently, their emissivities and absorption coefficients were determined from our own experimental work, as described in Section 4.1.2. In the conduction heat transfer calculations, the thermal conductivities of the samples were needed. These values can be determined from the experimentally measured resistance, R-values. Therefore, we used the Reverse Heat Leak Method (RHLM), which was discussed in our previous papers [27,28]. They are listed in Table 5.


Table 5. Thermal conductivities of the materials [27,28].





	Name
	R Value (K·m2/W)
	k (W/m·K)





	PPC
	0.222
	2.25



	Painted PPC
	0.282
	1.77



	Plant or moss
	0.261
	1.91



	XPS
	0.826
	0.96



	Black membrane
	0.252
	1.98



	Red membrane
	0.077
	6.49









The temperature profiles for 1D media were determined from a coupled conduction and radiation analysis, as discussed before. These profiles depicted a non-linear behavior because of radiative absorption within the medium [19]. The nonlinear temperature profile is due to the volumetric absorption of incident radiation by the slab.



Figure 16 shows the temperature profiles for a gray case, which is plotted to evaluate the validity of the codes. Figure 17 shows the temperature profiles obtained from simulations for different materials. The results showed the nonlinear steady-state temperature profile for homogeneous media, where the conduction to radiation parameter was lower than one, as already explained in References [1,22,55,61].


Figure 16. Validation of the numerical analysis for non-dimensional temperature profiles for combined radiation and conduction transfer in a gray slab (comparisons are made against Modest book [22] and Mazumder paper [20]).
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Figure 17. (a) Temperature profile using the non-gray formulations for different roof materials; and (b) Right part zoomed.
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In the next set of simulations given below, the walls were considered to be at the same temperature. By doing so, we focused only on the effect of material emissivity. The predicted temperature profiles are shown in Figure 17 in non-dimensional fashion, although they correspond to a wall thickness 50 cm. It should be mentioned that this physical size was just an assumption and the code could be applied for any physical sizes.



It can be seen from Figure 16 and Figure 17 that the higher temperatures (non-dimensional temperature θ near 1) are in the near-wall region. In this region, which was the surface of the roof for our model, the radiation mechanism was more significant, as radiation is a surface phenomenon. As mentioned in Reference [62], when the boundaries are opaque, the temperature peaks can only appear at the heated surface, as the radiative energy might not transfer to the inside of the medium directly but can only heat the surface. Consequently, the energy is transferred inside from the heated surface.



In Figure 17, from the surface through the sample, red membrane is on the top with high non-dimensional temperature, as it has the highest conductivity among all samples. Therefore, it shows that heat conduction was dominant in this sample. On the other hand, XPS and moss had the lowest non-dimensional temperature in comparison with other samples. XPS as mentioned before, is a good insulator, with the lowest conductivity, and its spectral emissivity is also low in mentioned bands. Moss sample had average conductivity and high spectral emissivity. Radiation transfer was more dominant in moss, rather than conduction, and it has a higher potential to be a radiative cooler.






5. Discussions and Conclusions


In this study, several sustainable materials were analyzed to explore their radiative heating and cooling potentials. These materials have several environmental benefits, such as being non-toxic, reusable, and renewable; and they can enhance the cooling performance of the roofs and walls of buildings in an inexpensive way. When choosing the materials for this study, our emphasis was on the following criteria:

	
Materials which have high spectral emissivity in both solar band (0.2–2 µm) and atmospheric window (8–13 µm) were considered; these materials are good candidates as solar collectors at daytime, and solar emitters or radiator coolers at night time.



	
Materials which have high spectral emissivity in the atmospheric window (8–13 µm) and low spectral emissivity outside of this window were considered; radiative cooling can be achieved on the surface of these materials, and they are good candidates as radiative coolers at daytime.



	
Materials which have high spectral emissivity at solar band and low spectral emissivity in other bands were considered; as they are good candidates for solar energy absorption.








Based on these criteria, we considered red membrane, black membrane, XPS, PPC, painted PPC, and moss. These materials were available and abundant in Turkey, where the study was conducted. Among these, moss, PPC, and painted PPC could be considered as radiative coolers, and black membrane would be a solar absorber.



As the optical properties of the materials were not available in the literature, as a first step, the experimental analyses for all samples were carried out and their spectral emissivity and reflectivity were measured using an FTIR spectrometer and UV-Visible spectrophotometer. These results were later converted to spectral absorption coefficient data. In numerical analysis, the power of cooling for the opaque samples at constant temperature was calculated. Results were compared against an ideal selective emitter. The best sample for potential radiative cooling purposes was deemed to be moss, whose power of cooling was even higher than Silicon oxide samples. Power of cooling was also calculated for all samples, for summer and winter daytime and nighttime performances, and then they were compared against those of a selective ideal emitter.



Radiation transfer is usually a volumetric phenomenon, as such a coupled conduction and radiation analysis was also carried out for semi-transparent materials. A numerical model was developed and solved with MATLAB, using the experimental spectral absorption coefficient and thermal conductivity data obtained from our experiments. In order to validate the codes, the coupled conduction and radiation problem was first solved for a gray case, and then compared against the data available in the literature. These coupled analyses were then extended to non-gray materials using stepwise gray box models.



Among all materials considered, moss was deemed to be the best candidate as a sustainable material to be used as a radiative cooler for outside surfaces of buildings. However, its conductivity was higher than a sample like XPS, for being a good insulator. Therefore, moss should be grown on a better insulator surface to have the highest possible benefit from it. A summary of the findings of the present study for different materials considered, is presented in Table 6 to help the reader to make a quick comparison between them.


Table 6. Cooling behavior of materials for building applications during winter and summer months in Mediterranean regions.





	Material
	Potential as a Solar Absorber
	Potential as a Day Time Radiative Cooler
	Potential as a Night Time Radiative Cooler





	PPC
	Weak
	Good
	Good



	Painted PPC
	Weak
	Good
	Good



	Plant or moss
	Weak
	Good
	Good



	Black membrane
	Very good
	Weak
	Weak



	Red membrane
	Good
	Weak
	Weak



	XPS
	Weak
	Very weak
	Very weak
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Nomenclature




	
A

	
Area (m2)




	
Cp

	
Specific heat capacity (J/kg/K)




	
Ebλ

	
Blackbody emissive power (W/m3)




	
Gλ

	
Spectral incident radiation (W/m3)




	
hc

	
Non-radiative heat exchange coefficient




	
IAM1.5

	
The solar illumination




	
IBB

	
Spectral radiance of a blackbody at temperature T




	
KB

	
Boltzmann constant (J/K)




	
qc

	
Conductive heat flux (W/m2)




	
qR

	
Radiative heat flux (W/m2)




	
[image: ]

	
Source term for energy equation (W/m3)




	
T

	
Temperature (K)




	
Tamb

	
Ambient temperature (K)




	
t(λ)

	
The atmospheric transmittance in the zenith direction




	
U

	
Velocity vector (m/s)




	
Greek symbol




	
ε

	
Emissivity




	
εatm

	
The angle-dependent emissivity of the atmosphere




	
ελ

	
Spectral emissivity




	
κλ

	
Spectral absorption coefficient (m−1)




	
κB

	
Absorption coefficient of background (m−1)




	
λ

	
Wavelength (µm)




	
λk,u

	
Upper wavelength of kth spectral box (m)




	
λk,l

	
lower wavelength of kth spectral box (m)




	
η

	
Wavenumber (cm−1)




	
σ

	
Stefan-Boltzmann constant (5.67 × 10 − 8 W·m−2·K−4)




	
σsλ

	
Spectral scattering coefficient (m−1)




	
Ω

	
Solid angle (sr)




	
θ

	
Polar angle and dimensionless temperature




	
ρ

	
Density (Kg/m3)
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