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Abstract

:

Basic oxygen furnace slag (BOFs) is difficult to reutilize because it contains excessive free lime, and thus causes serious expansion. For this reason, how to reuse BOF slag has turned out to be an imperative issue in order to meet the concept of a circular economy. The key intention of this research work is to develop a new way to reutilize BOF slag, which due to its high emissivity in the 8–13 µm wavelength range, can be used as a sustainable, passive radiative cooling material. Passive radiative cooling, without the consumption of any energy, achieves the cooling of a surface by reflecting the sunlight and radiating the heat throughout the outer space (not absorbed by the atmosphere). BOF slag is used as a radiative cooling material in geopolymeric coating. This coating possesses an emissivity of 0.95 within the range of 8–13 µm and also has high conductivity, but its gray appearance absorbs too much heat. Therefore, by improving the situation through a double-layer structure, a temperature drop of 5.9 °C was reached compared to non-coated concrete under simulated sunlight, simultaneously with a low heating rate and high cooling rate. Besides, the binding strength between the geopolymeric coating and Portland cement concrete is comparable to two commercial organic paints. It is highly probable that the utilization of BOF slag in geopolymeric coating is energy saving and also feasible for passive radiative cooling applications. Hence, it can greatly decrease indoor temperature and improve the comfort of people living in buildings.
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1. Introduction


The latest annual average temperature anomaly of 2018, compared with the past long-term global temperature average, was 0.8 °C warmer [1]. If this pace of warming continues, it will reach 1.5 °C around 2040 [2]. At the same time, the urban heat island effect (UHI) has drawn more and more attention around the world [3,4,5,6]. The solutions of this bad situation for maintaining the comfortability of people’s lives have emerged [7,8]. Passive radiative cooling (PRC) is a feasible approach that terrestrial heat can be distributed throughout the atmosphere without absorption and reflection [9,10]. It usually derived from a material which has high emissivity across the spectrum of 8~13 μm known as “sky window”. Because of a large excess of heat from urban surfaces consisting of buildings, asphalt, bare soil, and short grasses [11], coating which has the function of PRC is applicable to buildings’ exteriors [12,13,14].



There are lots of studies focusing on PRC coating at present. Li et al. [15] made tridymite-type aluminum phosphate at a high temperature and formed a coating by PVDF (Polyvinylidene difluoride), which reached the emissivity of 0.90 across the sky window; Zhai et al. [16] embedded a solid glass ball in 4-methylpentene to produce a scalable-manufactured thin film, which had the emissivity of 0.93 across the sky window; Zhang et al. [17] prepared a silica thin film by a hot pressing process with PET (Polyethylene terephthalate) for PRC; and Bao et al. [18] developed a multi-layer coating with rutile TiO2, nano-SiO2, and isopropanol solvent, which achieved an emissivity of 0.90 across the sky window. However, the organic binder mentioned above and used by all of the researchers is usually produced by non-renewable petroleum and its sub-products [19,20]. Therefore, the environmentally friendly geopolymeric coating can be carried forward due to its great developmental potential nowadays [21,22,23].



In this study, the geopolymeric coating used basic oxygen furnace slag (BOFs) as the bottom layer of a PRC coating, which possessed high emissivity [24] in the “sky window”. It is notable that BOF slag is produced in the steelmaking process in quantities of 100–150 kg slag per ton of steel [25] in oxygen converter procedures. That is to say, this resource is prevalent and adequate. Combined with another white geopolymeric coating as a reflective layer, this double-layer structure can have a better effect on PRC [18]. In brief, this PRC geopolymeric coating, owing to a simple process and easily gained material, has great potential for economic competitiveness, environmental concerns, and wide application on building exteriors in tropical and temperate zones in the future.




2. Experiment Process & Material


2.1. Materials and Preparation


In this study, the materials in powder form can be classified into 3 types: passive radiative cooling (PRC) powder, modifying powder, and geopolymer powder. PRC powder includes cordierite and BOFs which both have high emissivity in the “sky window” [24,26]; modifying powder includes titanium oxide and calcium carbonate, which both have a great white appearance [18,27]; and geopolymer powder includes metakaolin and calcium silicate. Calcium silicate was used for improving anti-crack characteristics. The chemical composition and D50 of the powders are listed in Table 1.



The coatings were made from the materials above. Two kinds of coating were developed in this study. One was a white cordierite coating, represented by “510”. The other one was a gray BOFs coating, represented by “BOF”. The compositions of white 510 [28] and gray BOF coating are shown in Table 2 and Table 3, respectively. The ratio of powder to solution was fixed at 1. For better emissivity, the improved composition of the gray BOF coating is shown in Table 4. All the ratios of liquid to powders in the coating were controlled at 0.81.



The experiment procedure is depicted in Figure 1. First of all, PRC powder was mixed with the geopolymer powder for 1 min. This became the original coating powder, which was called PRC geopolymeric coating powder. This mixed powder was analyzed by an emissivity test, UV‒VIS, and FT-IR) spectroscopy. The PRC geopolymeric coating powder was added to an alkaline solution, which was prepared through dissolving KOH (Potassium hydroxide) pellets in water with a molar concentration of 6 M, cooled to room temperature. Potassium silicate and sodium aluminate were used with molar ratios of SiO2/K2O = 1.28 and SiO2/Al2O3 = 50. After 5 min of mixing, the metakaolin and calcium silicate powder reacted with the alkaline solution as a binder. Colloidal silica was also used to increase the adhesion between the coating and the substrate [29]. Next, the slurry was painted onto the substrate twice, but in a different direction to make the coating smoother; then it dried at room temperature for 1 day. After the second layer coating was painted using the same process, a wooden box simulation test, conductivity test, and an adhesion test were performed. Notably, in order to compare the PRC effect between the geopolymeric coating and commercial coating, two brands of commercial organic coating were used and tested in the same method in this study.




2.2. Characterization


The composition of the PRC geopolymeric coating powder needed to be characterized within the mid-infrared spectral emissivity (4–16 µm) at a specific temperature by a Fourier transform infrared (FT-IR) spectrometer (Vertex 70, Bruker, Karlsruhe, Germany), equipped with infrared heaters, via the spectral emissivity measurement method [30]. The calibrated blackbody possesses an emissivity of 0.99. The UV–VIS diffuse reflectance spectrum of the powder was obtained on a UV spectrophotometer (UV-2550, Shimadzu, Torrance, CA, USA) equipped with an integrating sphere, using BaSO4 as a reference. The vibration absorption (2.5–20 µm) of the original coating was tested by the FT-IR spectrometer equipped with ATR (Platinum ATR, Bruker, Karlsruhe, Germany). The coating painted on the concrete substrate was characterized using three methods: a wooden box simulation test was recorded by thermocouples with a thermometer (DTM319, Tecpel, New Taipei City, Taiwan); the conductivity was tested by a quick thermal conductivity meter (QTM-500, KEM, Tokyo, Japan); and the adhesion was measured by pull-off adhesion testers (PosiTest® AT, DeFelsko, Ogdensburg, NY, USA).





3. Result & Discussion


3.1. Material Selection


To find a great PRC material for coating, firstly testing its emissivity by FT-IR is an efficient method. According to Table 5, the emissivity of cordierite powder can reach 0.93 at 8~13 μm, although when it is made into 510 coating powder its emissivity can still reach 0.92; BOFs powder possesses an emissivity value of 0.95 at 8~13 μm and mixed into BOF coating powder even has an emissivity value of 0.92. Besides that, Figure 2 shows the additive effect on different kinds of material being mixed together, with the emissivity curve of cordierite powder (the highest addition) similar to 510 coating powder. The same trend in BOF coating powder can be observed in Figure 3. Some emissivity values greater than 1 could be due to the difference between the blackbody in the FT-IR and the standard blackbody.




3.2. Optical Property


To achieve a great PRC effect, a double-layer coating structure [18], which was comprised of a highly solar-reflective top layer and a highly emissive underlying layer, was used in this study. The 510 coatings were utilized as a reflection layer, but with little effect on PRC, and BOF was used as a stronger emission layer. Figure 4 shows the spectrum reflectivity of 510 coating powder. As shown in the spectral reflectivity curves with solar irradiance (AM1.5), 510 coating powder reached 80% reflectivity in the VIS region, where there was also the strongest solar irradiance. A coating with higher reflectivity used on a building exterior can increase temperature reduction [31]. On the other hand, according to the basic law of light [32], A + T + R = 1, where A, T, and R are absorptivity, transmissivity, and reflectivity. For the opaque 510 coatings, T is 0, therefore A = 1 − R. In the FIR region, calculated by the above method, the 510 coatings can reach around 15% reflectivity in the “sky window” region, as shown in Figure 4. Kirchhoff’s law of thermal radiation states that [33] under thermal equilibrium, A and emissivity are equal for every wavelength. Therefore, high emissivity corresponds to low reflectivity. This means 510 coatings possessing low reflectivity are helpful to PRC. However, more than that, putting a BOF coating under a 510 coating may improve the overall emissivity.



In order to improve overall emissivity, using a BOF coating as the underlying layer is feasible. As illustrated in Figure 5, higher emissivity followed an increase in the amount of BOFs until around 55–70%. This means that the addition of 55% BOFs is close to the upper limit. Table 6 summarizes the mean emissivity values. Compared to the non-coated concrete, an addition of 55% of BOFs already achieved great emissivity.




3.3. Wooden Box Simulation Temperature Test


In the double-layer coating structure, 510 coating was the top layer and BOF coating was the underlying layer. Meanwhile, the one-layer coatings (510 or BOF) were also tested to compare with the double-layer coating. All coatings were painted by brush on Portland cement concrete. Every coating with a thickness of 180~250 µm possessed the optimal properties and was also practical for use. After the prior work was finished, the samples were tested by the measurement apparatus.



The details of the measurement apparatus are shown in Figure 6. This apparatus was designed to simulate the temperature change of a building—especially a thick-walled and airtight one—with geopolymeric coatings during a day. In order to study the thermal insulation properties for coatings, every sample used a solar lamp irradiating at a 20 cm distance at 45° from the center of the concrete [34]. At the same time, the sun lamp was controlled by a timer, and the thermocouples recorded all temperature changing on the surface and bottom of concrete. On the other hand, the internal temperatures changing in the wooden box were also recorded. To avoid weather disruption, this wooden box simulation temperature test was carried out in the basement of the Mineral and Material Building at Taipei Tech University, Taiwan.



To analyze the PRC effect using a temperature test, the raw data from the concrete’s surface and the bottom of the concrete and the internal temperature should be minus the ambient temperature, to reduce the impact of the weather. There are four related figures that need to be explained: for instance, Figure 7a is the raw data for 12 p.m. and 12 a.m. in the test. Figure 7b shows the temperature difference during 3 periods of time: 300 min was the time at which all the samples struck a heat balance; 720 min was the time at which the light turned off instantly, meaning the temperature was highest; 1440 min was the time at which it can be speculated that the PRC effect depended on the heat absorbed and released at the same time. The above times were used to calculate the temperature difference. For example, “T300-T0” was the temperature value after 300 min light had been absorbed, minus the temperature value at the beginning and so on for the others. Each gray bar represented the temperature difference compared with non-coated concrete. A lower value meant a better effect on PRC. The heating rate and cooling rate by MATLAB approximate calculation in the first-order differential are shown in Figure 7c,d. A lower temperature variation in the heating rate meant a better PRC effect; a higher variation in the cooling rate achieved a better effect. Four kinds of figures were used for analyzing the temperature of the concrete’s surface and the bottom of the concrete, and the internal temperature (house) of the wooden box, with comparisons among 510 coatings, BOF coating, and double-layer coatings (510+BOF).



3.3.1. One-Layer and Double-Layer Coating


In Figure 7a,b it can clearly be seen that on the concrete’s surface 510 and 510+BOF were better than the non-coating and BOF. The result, seen in Table 7, that BOF possessed a high temperature is not surprising due to not only its gray appearance but also because the high content of Fe2O3 would lead to high conductivity. It was also found that the BOF and 510+BOF coatings has similar conductivity. Therefore, it is inferred that the top layer, which has a vital effect on reflection, is the main cause of the temperature. Meanwhile, Figure 7c,d show that painting a 510 coating improved the heating rate and cooling rate. Meanwhile, the double-layer coating had a similar trend but narrowly beat the 510 coating. As a consequence, a PRC effect on concrete can be expected.



As shown in Figure 8a, on the bottom of the concrete, the double-layer coating decreased the temperature by 6.2 °C in 720 min. Simultaneously, with the BOF coating the temperature decreased about 1 °C by PRC, as it did with 510 coating and the double-layer coating. Besides, the heating rate of the double-layer coating was the lowest and the cooling rate was the highest, as shown in Figure 8c,d.



Exploring the internal temperature of the wooden box, one-layer and double-layer coatings showed a similar effect on the temperature of not more than 1 °C, as shown in Figure 9b. Compared with the temperature variation rate in Figure 9c,d, the double-layer coating had the fastest cooling rate. Based on the above-mentioned results, the double-layer coating, which had a better PRC effect, cooled down the concrete’s surface by 5 °C and the bottom by about 6.2 °C in 720 min. Besides, it possessed a low heating rate and a high cooling rate. Therefore, choosing double-layer comparisons to commercial paint is the follow-up test.



For overall analysis, 510 coating has a high reflectivity, with most of the heat being taken away by reflection, and thus the surface and bottom temperatures were lower. On the other hand, BOF coating has a high thermal conductivity; it can quickly absorb thermal energy. Although it has a high emissivity, it still caused the surface and bottom temperatures to remain high. For the 510−BOF coating, because of the white highly reflective surface layer, most of the heat could be reflected out. Only part of the heat transferred from the first layer into the second, BOF layer. A small amount of heat was absorbed by the BOF layer and resulted in PRC at 8~13 μm, thus reducing the temperature. Therefore, 510−BOF coating had the most thermal insulating effect.




3.3.2. Double-Layer Coating and Commercial Paints


Two kinds of commercial high-performance insulating exterior building paint, coated on the same substrate, were chosen as the comparisons, having similar thicknesses and the same colors of white. One commercial paint (CP1) (YungChi paint and varnish MFG. CO., LTD, Kaohsiung, Taiwan) was composed of water-based acrylic resin, reflective pigment, additives and water. The other (CP2) (Akzonobe CO., LTD, Taoyuan, Taiwan) was composed of acrylic resin, titanium dioxide, water-repellent fiber, mineral filler, and water. This section is also classified into 3 parts—concrete’s surface, concrete bottom, and box internal—and they are discussed one by one.



As shown in Figure 10a,b, the double-layer coating’s temperature on the concrete’s surface was better than CP(1) but worse than CP(2). All coating had similar heating rate and cooling rate, as shown in Figure 10c,d. The difference in temperature of the same white-in-appearance commercial paint was due to the conductivity, shown in Table 8.



It looks like the double-layer coating does not compare well enough with commercial paint. However, on the bottom of the concrete, the same trend—that the double-layer coating was better than CP(1) and CP(2)—can be observed in Figure 11a,b. The heating rate of the 510 coating was the lowest and the cooling rate was the highest, as shown in Figure 11c,d. Besides, the double-layer coating effectively reduced the temperature by about 6.2 °C on the bottom of the concrete. With the same white appearance of three kinds of coating, different conductivity did not influence the bottom of the concrete bottom. The same situation was also found in the previous section.



On the internal temperature of the wooden box, the double-layer coating and two kinds of commercial paint showed a similar effect, as shown in Figure 12a. Compared with the non-coated concrete in Figure 12b, others coating shown a similar effect on temperature less than 1 °C. There was no clear difference with the internal temperature being the same in both the one-layer and double-layer series. This leads to speculation about the abilities of the heat dispersion by emissivity not being strong enough. In other words, the heat can penetrate the concrete into the internal space. A similar heating rate and cooling rate were demonstrated in Figure 12c,d, but the double-layer coating was still the best. Overall, the double-layer coating cooled down the concrete’s surface 5 °C and the bottom of the concrete by about 6.2 °C, with a great PRC effect on the heat dissipating.





3.4. The Adhesion of Geopolymeric Coating


With the knowledge that the double-layer coating possesses a great PRC effect, its basic physical properties are also important. Adhesion is a primary characteristic of coatings. Consequently, compared with two kinds of commercial paintings, all geopolymeric coatings including a double-layer coating were tested. The common substrates: steel plate, 304 stainless steel plate, and Portland cement mortar plate were used in the test. The proposal of adding colloidal silica to the geopolymeric coating was to improve the adhesion between it and the steel [29]. However, all geopolymeric coatings did not reach a high binding power and when made into a double-layer structure they got worse, as shown in in Figure 13. In contrast, the two commercial paints showed better performance, especially on a 304 stainless steel plate. In terms of the Portland cement mortar plate, all geopolymeric coatings were not at a disadvantage. According to the results of the FT-IR for the BOF coating and the 510 coating, as shown in Figure 14, the higher binding power attributed to the Si4+ and Al3+ around a wavenumber of 1030 (Si-O-Si) and 875 cm−1 (Si-O-Al) in geopolymer material [35,36]. This bonding could react with Ca(OH)2 on the concrete’s surface and turn into calcium silicate hydrate, resulting in a dense interface which leaded to high strength. Similar results were also reported by Pareek et al. [37].





4. Conclusions


The utilization of BOFs in geopolymeric coatings for achieving passive radiative cooling is feasible. The results are as follows:




	
The gray BOF coating with the addition of 55% BOFs possessed a high emissivity of 0.95 across the sky window. To improve the low-reflectivity gray appearance, using a 510 coating as a top layer in a double-layer structure, for the purpose of increasing the reflection, had a great effect on PRC.



	
In the wooden box simulation temperature test, the temperature of the double-layer coating dropped 5 °C lower than the ambient temperature on the concrete’s surface; about 6.2 °C on the bottom of the concrete; and had a low heating rate and a high cooling rate. Besides, compared to two commercial paints, this double-layer geopolymeric coating was better.



	
The adhesion between the geopolymeric coating and Portland cement concrete was comparable to two commercial organic paints, because it can react with Ca(OH)2 on the concrete’s surface and increase in calcium silicate hydrate, resulting in a dense interface. However, there is still room for improvement in its performance on metal substrates.








As the BOFs-based geopolymer coating is a totally inorganic coating, the results of the research have exhibited the possibility for a sustainable coating, which could further improve quality of life and also reach the concept of a circular economy.
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Figure 1. Overall experiment procedure. 
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Figure 2. The emissivity of 510 coating powder and its composition. 
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Figure 3. The emissivity of BOF coating powder and its composition. 
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Figure 4. Reflectivity at UV-VIS-NIR-FIR wavelengths. 
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Figure 5. The emissivity of different amounts of basic oxygen furnace slag (BOFs) added to the BOF coating. 
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Figure 6. (a) Photo of the wooden box. (b) Perspective illustration of the wooden box. (c) Photo of the apparatus working in progress. (d) Perspective illustration of the apparatus. 
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Figure 7. The influence of BOF, 510, and 510+BOF coatings on the concrete’s surface: (a) the temperature variation in daytime and nighttime; (b) temperature difference at 300, 720, and 1440 min; (c) heating rate; (d) cooling rate. 
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Figure 8. The influence of BOF, 510, and 510+BOF coatings on the bottom of the concrete: (a) the temperature variation in daytime and nighttime; (b) temperature difference at 300, 720, and 1440 min; (c) heating rate; (d) cooling rate. 
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Figure 9. The influence of BOF, 510, and 510+BOF coatings in internal wooden box: (a) the temperature variation in daytime and nighttime; (b) the temperature difference at 300, 720, and 1440 min; (c) heating rate; (d) cooling rate. 
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Figure 10. The influence of double-layer coating and commercial paint on the concrete’s surface: (a) the temperature variation in daytime and nighttime; (b) the temperature difference at 300, 720, and 1440 min; (c) heating rate; (d) cooling rate. 
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Figure 11. The influence of the double-layer coating and commercial paint on the bottom of the concrete: (a) the temperature variation in daytime and nighttime; (b) the temperature difference at 300, 720, and 1440 min; (c) heating rate; (d) cooling rate. 
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Figure 12. The influence of the double-layer coating and commercial paint in internal wooden box: (a) the temperature variation in daytime and nighttime; (b) the temperature difference at 300, 720, and 1440 min. (c) heating rate; (d) cooling rate. 
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Figure 13. The adhesion of geopolymeric coatings and commercial paintings on different substrates. 
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Figure 14. The FT-IR spectra of geopolymeric coating. 
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Table 1. Chemical composition and D50 of materials.
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Composition (wt.%)

	
SiO2

	
Al2O3

	
TiO2

	
Fe2O3

	
K2O

	
CaO

	
ZnO

	
MgO

	
Others

	
L.O.I

	
D50 (μm)




	
Material

	






	
Metakaolin

	
55.2

	
39.6

	
2.4

	
0.7

	
-

	
-

	
-

	
-

	
0.1

	
1.5

	
4.7




	
Calcium silicate

	
58.3

	
33.1

	
-

	
2.7

	
1.5

	
0.3

	
-

	
-

	
1.7

	
0.6

	
27.1




	
Cordierite

	
47.4

	
31.5

	
-

	
-

	
-

	
-

	
-

	
11.3

	
6.1

	
2.8

	
48.9




	
Titanium oxide

	
0.6

	
1.3

	
96.3

	
-

	
-

	
-

	
0.3

	
-

	
1.1

	
0.3

	
0.4




	
Calcium carbonate

	
0.6

	
-

	
-

	
-

	
-

	
56.5

	
-

	
4.4

	
-

	
37.5

	
24.9




	
BOF slag

	
11.5

	
4.5

	
0.5

	
21.6

	
-

	
39.4

	
-

	
6.4

	
12.1

	
3.9

	
13.6
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Table 2. Composition of the white cordierite coating.
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Code

	
Powders (wt.%)

	
Solution (wt.%)




	
Cordierite

	
Calcium Carbonate

	
Titanium Oxide

	
Metakaolin

	
Calcium Silicate

	
Alkaline Solution

	
Colloidal Silica

	
Dispersant






	
510

	
30

	
20

	
20

	
20

	
10

	
40

	
40

	
1
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Table 3. Composition of the basic oxygen furnace (BOF) inorganic coating.
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Code

	
Powders (wt.%)

	
Solution (wt.%)




	
BOFs

	
Metakaolin

	
Calcium Silicate

	
Alkaline Solution

	
Colloidal Silica

	
Dispersant






	
BOF

	
55

	
35

	
10

	
40

	
40

	
1
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Table 4. Composition of improved BOF inorganic coating.






Table 4. Composition of improved BOF inorganic coating.





	
Code

	
Powders (wt.%)

	
Solution (wt.%)




	
BOFs

	
Metakaolin

	
Calcium Silicate

	
Alkaline Solution

	
Colloidal Silica

	
Dispersant






	
BOF-10%

	
10

	
80

	
10

	
40

	
40

	
1




	
BOF-30%

	
30

	
60




	
BOF

	
55

	
35




	
BOF-70%

	
70

	
20
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Table 5. Mean emissivity of 510 and BOF powders and their composition.
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	Mean Wavelength
	510 Coating
	Calcium Carbonate
	Calcium Silicate
	Cordierite
	Metakaolin
	Titanium Oxide
	BOF Coating
	BOFs





	8~13 μm
	0.92
	0.81
	0.88
	0.93
	0.91
	0.80
	0.95
	0.92



	2.5~15.4 μm
	0.87
	0.65
	0.63
	0.64
	0.59
	0.51
	0.75
	0.82
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Table 6. Mean emissivity of different amounts of BOFs added to the BOF coating.
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BOFs Addition

	
10%

	
30%

	
55%

	
70%

	
Concrete




	
Mean Wavelength

	






	
8~13 μm

	
0.93

	
0.96

	
0.97

	
0.98

	
0.91




	
2.5~15.4 μm

	
0.73

	
0.75

	
0.80

	
0.78

	
0.71
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Table 7. Conductivity of one-layer and double-layer coatings on Portland cement concrete.
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	Code
	Non-Coating
	BOF
	510
	510+BOF





	Conductivity (W/m2k)
	1.86
	2.27
	2.00
	2.26
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Table 8. Conductivity of 510+BOF coatings compared with two different commercial coating on Portland cement concrete.






Table 8. Conductivity of 510+BOF coatings compared with two different commercial coating on Portland cement concrete.





	Code
	Non-Coating
	510+BOF
	CP(1)
	CP(2)





	Conductivity (W/m2k)
	1.86
	2.26
	2.00
	2.16











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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