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Abstract. Energy consumption related to Air Conditioning systems in buildings has been rising 
rapidly due to increasing demand, climate change and the constant increase in temperature. An 
approach to address and minimize the consumption and its consequences is through the 
implementation of Net-Zero Energy Buildings (NZEBs). One technique to be used in a NZEB is 
radiative passive cooling and it has shown potential in overcoming such a challenge by aiding in 
thermal regulation which reduces energy consumption. The ability to formulate a radiative passive 
cooling coating with the help of nanotechnology results in a Nano Cool Paint (NCP) that can scatter 
incoming radiation and emit thermal radiation to the atmosphere. This work reviews the 
incorporation of nano-enhanced radiative passive cooling in exterior paint coatings on building 
facades and roofs based on available literature. 
Introduction  
In the recent years, studies have shown that buildings account for up to 40% of the global energy 
consumption [1] while relying on conventional energy sources that trigger global warming and 
causes overwhelming peak load demands in electricity. With the rise of population growth, 
urbanization and global temperatures, the cooling demand is expected to triple by 2050 if left 
unchecked [2]. This increasing demand required researchers to focus on energy reduction solutions 
rather than more efficient cooling units which has led to the implementation of Net-Zero Energy 
Buildings (NZEBs) due to its conceptual framework for balancing the energy being consumed and 
generated in a building [3]. Achieving NZEBs in regions with high demand can aggressively help 
in the reduction of energy consumption [4]. NZEBs concept revolves around two main designs 
integrated into the building, the active and passive designs. The active design corresponds to the 
ability of the building to provide as much power as it consumes while the passive design is the 
incorporation to building’s envelope and structure to passively thermally regulate the building [5]. 

In order to implement it, passive cooling strategies – among other energy reduction strategies – 
are incorporated to reduce the cooling load especially in harsh arid climates. Passive cooling 
strategies can help in achieving high-efficiency thermal regulation with the need of zero energy 
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[6]. An example of a passive cooling technique is radiative cooling (PRC) such as reflective 
coatings. A simple exterior reflective coating consists of an acrylic emulsion binder, fillers and 
functional color pigments [7]. Recent studies have shown that incorporating nanotechnology to 
formulate the exterior coating can help in improving the properties that enhance radiative cooling 
which leads to the development of Nano Cool Paint (NCP) [8], [9]. NCP’s enhanced properties 
are solar reflectance, thermal emissivity, UV resistance and durability [10], [11], [12]. Solar 
reflectance maximization is the main property that allowed painted surfaces to achieve sub-
ambient temperatures under direct sunlight [13]. By carefully selecting the type of nanoparticles 
and binder, a reflective, durable exterior paint can be developed for building in hot weather 
conditions. Different nanomaterials and binders have been shown to give various results where 
some advanced thermo-optical properties while compromising mechanical properties. The goal to 
implement such a technique in NZEB leads to the need to investigate the development of NCPs 
with a high reliability factor.  
Background and Mechanism  
Nano Cool Paint (NCP) is a technique of radiative cooling applied on the exterior wall of a building 
that helps reflect incoming solar radiation and emit thermal infrared radiation to the atmosphere 
within the atmospheric transparency window (8 μm to 13 μm)[14]. To increase its effectiveness, 
it is formulated to have high solar reflectance and high emissivity. Solar reflectance refers to the 
percentage of sunlight radiation that is being reflected by the surface while thermal emissivity is a 
percentage of the capacity of thermal irradiation into the atmosphere [15]. The role of these two 
properties can help in maintaining the exterior surface temperature from gaining heat. Therefore, 
the heat flux going into the building is reduced and thermal regulation is accomplished with the 
need of zero energy [16]. Fig. 1 illustrates the mechanism of NCP under direct sunlight.  

The incorporation of nanomaterials has helped to push solar reflectance and emissivity beyond 
what conventional coatings have achieved. Studies have shown that NCP has the potential to 
reflect visible light and near-infrared (NIR) wavelengths that can reduce the urban heat island 
phenomenon [17]. This can lead to a coating capable of sub-ambient temperature cooling under 
direct sunlight that contributes to the energy reduction of the building [18]. 

 
Fig. 1: Mechanism of Nano Cool Paint (NCP) under direct sunlight. 

Materials and Methods 
Just like any other nano fluid, Nano Cool Paint (NCP) consists of two primary materials which are 
a base fluid and nanomaterials. The base fluid is usually a binder or a paint emulsion where 
nanoparticles of any type can be dispersed in before application. In order to achieve optimum 
results, material selection is done based on the characteristics intended. The aim is to fabricate a 
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paint that can scatter light due to its high reflectance and emit thermal irradiation. Moreover, the 
developed paint should not lose its durability and have reliable mechanical characteristics.  
Nanomaterials. In the field of radiative coating, various nanoparticles have been studied and 
tested based on different criteria and climate conditions. Studies have shown that the developed 
NCPs can lead to a highly reflective surface which can also achieve sub-ambient temperatures 
under direct sunlight [19]. One of the most popular nanomaterials in NCP is metal oxides [20]. For 
instance, high-refractive-index metal oxides like titanium dioxide (TiO₂) have been used in the 
paint formulations and can provide strong scattering, but its moderate bandgap (~3.3 eV) leads to 
some UV absorption and potential photocatalytic degradation of organic binders [21]. TiO2 is 
inexpensive and non-toxic, making it abundant in white paint. One of the downsides of nano-TiO2 
is that it can be photo catalytic which makes it need to be surface treated to minimize chemical 
reactivity [22]. Another common metal oxide is zinc oxide (ZnO). Although studies have shown 
that ZnO-based NCP have better mechanical properties and durability, its light scattering 
performance was not as good as TiO2 which have a higher reflectance enhancement of up to 50% 
compared to 28% for ZnO [20], [23]. Researchers have also explored metal oxides with a higher 
bandgap such as aluminum oxide Al2O3 and zirconium oxide ZrO2. A higher bandgap can result 
in better light scattering and reduce the solar absorption which can lead to the sub-ambient 
temperature reduction [24], [25]. In addition to the higher reflectance percentages, Al2O3 and ZrO2 
showed an enhancement to the mechanical properties in comparison with other NPs. Al2O3 
addition can lead to an anti-corrosion and hydrophobic surface which can be useful in some harsh 
applications [26], [27]. Similarly, ZrO2 can enhance the mechanical properties of the NCP, thermal 
stability, and anti-corrosion ability [28], [29].  

Another category of nanomaterials used in NCP is metal sulfates. Metal sulfates such as barium 
sulfate (BaSO4) and calcium carbonate (CaCO3) are being used in commercial paint emulsions due 
to their ability to act a pigment in addition to their high reflectance performance of up to ~98% 
[19]. Lastly, silicon-based nanoparticles (SiO2) are known for their broadband optical scattering, 
strong thermal emission, and improved coating stability against weathering [30], [31]. Silicon-
coated oxides and hollow spheres nanoparticles have also been investigated and found that it can 
lead to enhanced dispersion and thermo-optical performance [32]. In addition to the low solar 
absorption, hollow spheres can act as thermal insulators due to the air core.  
NCP Formulation. The development of NCPs follows a selection criterion based on the type of 
binder (base fluid) and nanoparticles (fillers) to be dispersed for enhancement. The most common 
type of paint to be used on exterior facades is water-based emulsions due to its physical properties 
[33]. Other binder options can range from expensive silicon resin to organic binders [21], [34]. 
Although the base fluid is important to show durability and weather resistance, NCPs light 
scattering characteristics are gained from the addition of the NPs. The material selection of both is 
based on the overall intended characteristics. The selection of the type of binder is crucially 
connected to the type of NPs chosen to ensure their compatibility with the intended application. 
The selected materials will define and conclude other main criteria to consider in formulation such 
as the particle volume concentration (PVC) and coating thickness. In addition, the dispersion of 
the NPs is highly dependent on the type of binder used as concluded by Qazi et al. [35] where 
different binders showed different agglomeration and clustering results in a SEM test. Well 
dispersed NPs ensures that a coating will have uniform optical and mechanical properties that can 
help in minimizing degradation in performance and inaccurate results in testing. In addition to 
optical performance, binder selection plays an important role in determining the durability of NCP 
under harsh environmental conditions. Water-based exterior coatings are known for their 
hydrophobic finish but can get affected by the prolonged UV exposure [36]. Therefore, researchers 
such as Song et al. used a surface modifier perfluorooctyl trichlorosilane (PFOTS) as their binder 
which aided in overcoming the drawback of polymers’ reactivity to UV light [37]. Silicon-based 
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binders can also provide improved UV-resistance and weather stability which can significantly 
enhance the long-term durability of NCP [38]. 
Discussion  
The key properties that NCP acquire are related to its optical and thermal performance. High solar 
reflectance and high thermal emissivity are crucial to maximizing the coating’s performance. 
Light-colored commercial exterior paints can have a solar reflectance of up to 80% [39]. Nano-
enhanced coating has shown a great increase in solar reflectance in literature. For instance, when 
barium sulfate was added to a binder at a high concentration, solar reflectance of up to 97.6% and 
IR emissivity above 0.95 was achieved [40]. Different NPs have shown different results in 
enhancing optical and thermal performance. Another example is hollow Yttrium-Oxide Spheres 
(HYSs), which were able to enhance the reflectance and emissivity to reach superior cooling [41]. 
Hollow silicon-based spheres resulted in stronger reflectance in comparison with solid spheres 
which resulted in a temperature drop of 5.26 ˚C [42].  

Low thermal conductivity can make NCPs induce a higher thermal insulation from the external 
heat [43]. Incorporating nanomaterials with low thermal conductivity has shown an increase in 
thermal performance. For instance, silica aerogel’s significant low thermal conductivity (<0.05 
W/mK) can outperform conventional insulators used in a building envelope [44]. 

Mechanical properties remain as important as the other properties of any exterior coating. With 
the focus being on the thermal and optical advancement of NCP, the neglect of focus on the 
adhesion and durability of the coating has led to NCPs that may not withstand harsh environmental 
conditions [45]. The addition of nanomaterials to a paint emulsion can negatively affect its 
adhesion and durability if not done at the appropriate ratio. A calcium carbonate-based NCP’s 
adhesion strength can be maximized with the addition of ZnO [46]. 

To evaluate the performance of NCP in NZEBs, its passive cooling characteristics are taken 
into consideration. Solar reflectance and thermal emissivity that will contribute to exterior surface 
temperature reduction can thermally regulate the interior of the building. For instance, in 
Argentina, a reduction of 18˚C on the exterior surface of a roof coated with NCP resulted in 5˚C 
reduction to its internal side which corresponded to 3˚C reduction in the indoor ambient 
temperature [47].  
Application  
Field experiments and implementation of NCP have shown that lower indoor temperatures, sub-
ambient cooling and reduced power demand can be achieved due to its enhancement of solar 
reflectance and thermal emittance into the atmosphere resulting in a passive cooling approach that 
can be incorporated into NZEBs [24], [48], [49]. Although lab scale studies are available, 
especially in recent years, real-life applications are limited in hot arid climate conditions.  

A simulation study of a building in Al Mizhar, UAE, was conducted using IES VE software 
and a reduction of energy of 47% was concluded [50]. Another simulation of different regions of 
the US showed that hot climate conditions resulted in more electricity savings of up to 9.31 
kWh/m2 [51]. A double-layer coatings composed of densely packed TiO2 and SiO2 or SiC 
nanoparticles, can cool an Al foil up to 8 °C at daytime and 5 °C at nighttime in Shanghai, China. 
It also helps to cool the black surface for more than 30°C at daytime [52]. An experimental 
performance evaluation of a porous polymer radiative coating (PPRC) reflectance was found to be 
93% in the visible wave band (0.38–0.78 μm) which shows that optical capability of the doped 
nano/micro-porous structures where a drop of temperature and cooling load of up to 7.6℃ and 
85.9 W/m2  was achieved at noon and up to 12.8 °C and 120.9 W/m2  at night under moderate 
relative humidity and a clear sky as shown in Fig. 2 [53]. Although the performance of this 
developed NCP was highly affected by Shanghai humid weather, it still shows evidence of the role 
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radiative cooling can contribute in NZEBs. A similar study consists of TiO₂ and SiO₂ as NPs was 
found to result in a solar reflectance of 92.68 % and surface temperature reduction of 9.5 ℃ [11].  

 
Fig. 2: (a) The temperature variation of the PPRC with PE film (blue) or nano-porous PE film 

(red) (b) The weather conditions during the test [53]. 
Different types of nanomaterials can result in different cooling results. Nanoporous Mg-doped 

SiO2 nanoparticles were used to develop a coating that has resulted in tunable infrared emissivity 
and 86.2% solar reflectance. The coating exhibited high radiative cooling performance and a 
temperature reduction of 17.8 °C lower than the control [54]. A solar reflectance of 97.6% was 
achieved by the formulation of an NCP that consists of properly designed BaSO4, CaCO3 and SiO₂. 
The results showed a surface temperature of 5.5 C lower than commercial white paints and a 
theoretical RC power of 119.3 W/m2 and 94.3 W/m2 at nighttime and daytime, respectively [55]. 
Moreover, nanomaterials made of broken glass bubbles (BGB) were incorporated in nanoporous 
polyethylene (NanoPE) film resulted in solar reflectance of 97.3 % and 8.5 ℃ temperature 
reduction at noon and up to a 14.1 °C reduction at night. Compared with the glass bubbles (GB) 
and broken glass bubbles (BGB), the NanoPE film can boost the cooling performance of the 
coating during the whole day significantly as shown in Fig. 3 [56]. 

 
Fig 3: Temperature of ambient air/GB/BGB/BGB with NanoPE over a 24-h period in a field test 

in Hong Kong [56]. 
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Limitations and Challenges  
Aesthetic. High reflectance values have mostly been achieved with ultra-white coatings using 
white fillers which can correspond to more light scattering [13], [57]. In the buildings sector, 
architects and individuals often prefer colored exterior surfaces for aesthetic purposes. Recent 
research is investigating the possibility of incorporating color without compromising the properties 
of NCP. For instance, an optimized TiO2 to reduce glare and brightness has led to negatively 
affecting the energy reduction by 7% with only a 30% difference in brightness [58]. Ultra-white 
NCP coatings can achieve a solar reflectance of up to 0.98 [40]; however, darker pigments can 
degrade such enhancements due to the increased absorption in the visible spectrum. A bilayer 
radiative coating technique with different pigments such as yellow, green and red was tested and 
a gradual decrease in solar reflectance is observed as the color darkens as shown in Table 1. A 
recent study found that fluorescent colored radiative cooling coatings present a scalable alternative 
to ultra-white coatings with maintaining a reflectance of 95%. The downside of such coatings is 
their high cost and degradation problems [59]. Click or tap here to enter text. 

Table 1. Effect of coating color on solar reflectance of nano cool paint (NCP) coatings. 
Coating color Solar Reflectance Ref. 
Ultra-white 0.97 [40] 

Yellow 0.91 
[60] Green 0.89 

Red 0.84 
 

Aging. Degradation of the mechanical, optical and thermal properties is a great limitation with 
existing NCPs. While continuous studies have found that various materials can reach high IR 
emissivity values in the longwave infrared spectrum [61]. However, reflectance deterioration 
might occur from aging. Since the coating is applied on an exterior wall, deterioration is prone to 
happen due to the exposure to the open atmosphere. Surface soiling due to the buildup of dust or 
other particles can cause the aged reflectance to decrease significantly [62]. Studies have 
concluded that most surfaces lose up to 25% of their initial solar reflectance index after 3 years of 
being applied if left unwashed [63].  To maintain long-term reliability and cooling performance in 
NZEBs applications, maintenance protocols should be considered. Scheduled or nature-assisted 
surface cleaning can help in maintaining the solar reflectance of the coating. Mesoporous silica 
aerogel (SA) infused coatings has shown great potential in enhancing the reflectance to the solar 
irradiance by up to 15% in the visible and near-infrared ranges (0.3-2.5 μm) while maintaining the 
surface hydrophobicity and self-cleaning characteristics which increases its durability against 
soiling and contaminations [61].Another factor that can lead to paint degradation is Ultraviolet 
(UV) radiation. Continuous exposure to UV radiation has caused a huge drop in energy savings of 
about 3.8 kWhm−2 due to aging [64]. Although the addition of NPs such as ZnO has shown 
improved UV resistance, continuous exposure makes it a short-term solution in buildings sector 
[12]. Moreover, humid climate conditions can exhibit a form of degradation and yellowing in 
paints which makes it not applicable for tropical regions [65]. With the increase in relative 
humidity in tropical regions, the water vapor content in air increases and reduces the amount of 
heat radiated from the surface due to it being a major absorber of infrared radiation[66].For 
instance, radiative coolers that performed effectively in a dry region failed to achieve similar sub-
ambient cooling performance in a hot humid region [49]. A study conducted in Malaysia’s tropical 
climate has found that although the net cooling power of the paints had an inverse relationship 
with relative humidity, the sub-ambient cooling was achievable with coatings having a pigment 
PVC% at 60% and 70% for barium sulfate and calcium carbonate, respectively [19]. Moreover, 
surface moisture and condensation can degrade the solar reflectance by acting as a barrier between 
the NCP coating and the atmosphere which can be addressed by surface modification of NCP by 
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making it more hydrophobic [67]. Researchers have examined and proposed different strategies 
such as high PVC%, surface modifications and structural strategies [19], [68], [69]. For instance, 
dual-layer coating has aided in sub-ambient cooling in Shanghai, China’s humid climate [69]. 
Conclusion 
The increase in demand toward Net-Zero Energy Buildings (NZEBs) due to the global climate 
conditions and electricity demands has led to recognizing the importance of incorporating 
innovative passive cooling strategies to its design. Nano-enhanced materials that can be integrated 
into the building’s envelope can aid in thermal regulation and decrease the load put on the HVAC 
systems. Such approaches can be passive radiative cooling such as Nano Cool Paint (NCP) which 
is promised to lead toward a sustainable, Net-Zero energy future due to its proven efficacy in 
thermal regulation. NCP’s high solar reflectance and emissivity contribute to radiative cooling that 
can help in energy and exterior surface temperature reduction. The application of NCP does not 
vary a lot from the standard painting processes which makes it a simple addition to either new or 
existing building that does not require any sort of structural modification. Existing studies and 
research have focused on the optical properties of NCPs as a fresh coat/sample. However, to be 
integrated into a NZEB and achieve its promised purpose, the long-term performance must be 
investigated as well. NCP outcome can vary considerably by climate and weather conditions which 
can have a negative effect on its mechanical and optical properties. Humid climates were found to 
face limitations due to existing water vapor that can interfere with the mechanism of NCP. In 
addition, accumulation of dust on exterior surfaces in dessert climates can decrease the solar 
reflectance significantly affecting its performance. Proper maintenance can help in securing the 
optimal efficacy of NCPs as a part of NZEB operational life. Further investigation in the material 
selection and application procedures will emphasize the need for research to start focusing more 
on the mechanical properties’ enhancement of NCPs such as self-cleaning, UV-resistance or 
adhesion. Succeeding to meet an enhancement in optical properties while maintaining or 
enhancing mechanical properties can lead to securing a long-term reliability of NCPs to be used 
as a part of a NZEB strategy. In addition, the ability to include a wider color range of darker colors 
will increase its demand in the architectural perspective.   
Acknowledgement  
The authors would like to acknowledge the Kuwait Foundation for the Advancement of Sciences 
(KFAS) for the financial support under Project Grant No. [CN23-35EM-2074]. 
References 
[1] A. Mirzazade Akbarpoor and A. Haghighi Poshtiri, Cooling urban buildings with a 
combined meander EAHE–DEC system: Energy and water consumption analysis, Journal of 
Building Engineering, vol. 108, p. 112850, Aug. 2025. 
https://doi.org/10.1016/J.JOBE.2025.112850 
[2] “The Future of Cooling Opportunities for energy-efficient air conditioning Together Secure 
Sustainable,” 2018. Accessed: Sep. 21, 2025. [Online]. Available: www.iea.org/t&c/ 
[3] Q. Wang, H. Wu, S. Bai, and L. Wang, Towards net zero energy buildings: Thermal and 
energy performance of CdTe PV glazing in tropical island regions, Energy Build., vol. 347, p. 
116271, Nov. 2025. https://doi.org/10.1016/J.ENBUILD.2025.116271 
[4] M. Eksi, R. T. Akarsu, and M. Ozcan, Net-zero energy building transformation: Techno-
economic and environmental evaluation in the Mediterranean Region, Environ. Dev. Sustain., 
2025. https://doi.org/10.1007/s10668-025-06389-9 



Advanced Materials and Sustainable Energy Technologies – AMSET2025 Materials Research Forum LLC 
Materials Research Proceedings 66 (2026) 52-63   https://doi.org/10.21741/9781644904152-7 

 

 
59 

[5] M. R. Maghami, A. Maghoul, K. F. Thang, and S. Sundaram, Net zero energy buildings: An 
overview of passive and active designs, Energy Reports, vol. 14, pp. 1327–1348, 2025. 
https://doi.org/https://doi.org/10.1016/j.egyr.2025.07.028 
[6] A. A. Y. Freewan and A. A. Y. Freewan, Advances in Passive Cooling Design: An 
Integrated Design Approach, Zero and Net Zero Energy, Sep. 2019. 
https://doi.org/10.5772/INTECHOPEN.87123 
[7] J. Lei, K. Kumarasamy, K. T. Zingre, J. Yang, M. P. Wan, and E. H. Yang, Cool colored 
coating and phase change materials as complementary cooling strategies for building cooling 
load reduction in tropics, Appl. Energy, vol. 190, pp. 57–63, 2017. 
https://doi.org/10.1016/j.apenergy.2016.12.114 
[8] A. Felicelli et al., Efficient radiative cooling of low-cost BaSO4 paint-paper dual-layer thin 
films, Nanophotonics, vol. 13, no. 5, pp. 639–648, Mar. 2024. https://doi.org/10.1515/NANOPH-
2023-0642/DOWNLOADASSET/SUPPL/J_NANOPH-2023-0642_SUPPL_001.DOCX 
[9] J. Wang, D. Yan, L. Ding, J. An, and M. Santamouris, On the development of super cool 
paints for cooling purposes, Solar Energy, vol. 296, p. 113592, Aug. 2025. 
https://doi.org/10.1016/J.SOLENER.2025.113592 
[10] B. Lipovšek, J. Krč, O. Isabella, M. Zeman, and M. Topič, Modeling and optimization of 
white paint back reflectors for thin-film silicon solar cells, in Journal of Applied Physics, Nov. 
2010. https://doi.org/10.1063/1.3512907 
[11] T. V. Nguyen et al., Effects of nano-TiO2 and nano-SiO2 particles on the reflectance and 
weathering durability of solar heat reflectance coating, J. Photochem. Photobiol. A Chem., vol. 
442, p. 114752, Aug. 2023. https://doi.org/10.1016/J.JPHOTOCHEM.2023.114752 
[12] R. Bansal, S. Nair, and K. K. Pandey, UV resistant wood coating based on zinc oxide and 
cerium oxide dispersed linseed oil nano-emulsion, Mater. Today Commun., vol. 30, p. 103177, 
Mar. 2022. https://doi.org/10.1016/J.MTCOMM.2022.103177 
[13] W. R. Joseph, J. Y. Tan, A. K. Koyande, I. Khoiroh, J. Joynson, and S. Willis, Subambient 
passive radiative cooling effects of barium sulfate and calcium carbonate paints under Malaysia’s 
tropical climate, Environmental Science: Advances, vol. 2, no. 12, pp. 1662–1679, Oct. 2023. 
https://doi.org/10.1039/d3va00161j 
[14] G. Gangisetty and R. Zevenhoven, A Review of Nanoparticle Material Coatings in Passive 
Radiative Cooling Systems Including Skylights, Energies (Basel)., vol. 16, no. 4, 2023. 
https://doi.org/10.3390/en16041975 
[15] R. C. Veloso et al., Impact of SiO2, TiO2 and ZnO nanoparticles incorporation on the 
thermo-optical properties of dark-coloured façade coatings, Journal of Building Engineering, 
vol. 84, p. 108517, May 2024. https://doi.org/10.1016/J.JOBE.2024.108517 
[16] C. Y. Wai, H. W. Chau, P. Paresi, and N. Muttil, Experimental Analysis of Cool Roof 
Coatings as an Urban Heat Mitigation Strategy to Enhance Thermal Performance, Buildings 
2025, Vol. 15, Page 685, vol. 15, no. 5, p. 685, Feb. 2025. 
https://doi.org/10.3390/BUILDINGS15050685 
[17] S. A. Mansour and A. H. Farha, A Review of Near-Infrared Reflective Nanopigments: 
Aesthetic and Cooling Properties, Crystals 2025, Vol. 15, Page 271, vol. 15, no. 3, p. 271, Mar. 
2025. https://doi.org/10.3390/CRYST15030271 



Advanced Materials and Sustainable Energy Technologies – AMSET2025 Materials Research Forum LLC 
Materials Research Proceedings 66 (2026) 52-63   https://doi.org/10.21741/9781644904152-7 

 

 
60 

[18] B. Dopphoopha, K. Li, C. Lin, and B. Huang, Aqueous double-layer paint of low thickness 
for sub-ambient radiative cooling, Nanophotonics, vol. 13, no. 5, p. 659, Mar. 2024. 
https://doi.org/10.1515/NANOPH-2023-0664 
[19] W. R. Joseph, J. Y. Tan, A. K. Koyande, I. Khoiroh, J. Joynson, and S. Willis, Subambient 
passive radiative cooling effects of barium sulfate and calcium carbonate paints under Malaysia’s 
tropical climate, Environmental Science: Advances, vol. 2, no. 12, pp. 1662–1679, Oct. 2023. 
https://doi.org/10.1039/D3VA00161J 
[20] R. C. Veloso et al., Impact of SiO2, TiO2 and ZnO nanoparticles incorporation on the 
thermo-optical properties of dark-coloured façade coatings, Journal of Building Engineering, 
vol. 84, p. 108517, May 2024. https://doi.org/10.1016/J.JOBE.2024.108517 
[21] S. Li et al., An inorganic water-based paint for high-durability passive radiative cooling, J. 
Mater. Chem. C Mater., vol. 13, no. 8, pp. 4137–4144, Feb. 2025. 
https://doi.org/10.1039/D4TC04108A 
[22] S. Sindhu and A. Singh, Developing Mechanism with Photo Reflective and Photocatalytic 
Properties for Cool Roofs by Using Tio2 Nanoparticles, 2023. [Online]. Available: www.jchr.org 
[23] A. H. Farha, A. F. Al Naim, and S. A. Mansour, Cost-Effective and Efficient Cool 
Nanopigments Based on Oleic-Acid-Surface-Modified ZnO Nanostructured, Materials, vol. 16, 
no. 6, Mar. 2023. https://doi.org/10.3390/ma16062159 
[24] C. Lin et al., Pushing Radiative Cooling Technology to Real Applications, Advanced 
Materials, vol. 37, no. 23, Jun. 2025. https://doi.org/10.1002/ADMA.202409738 
[25] H. Gong et al., Zirconia submicrosphere/potassium silicate metacoating with high irradiation 
stability for radiative cooling, Adv. Compos. Hybrid Mater., vol. 8, no. 1, Feb. 2025. 
https://doi.org/10.1007/s42114-024-01130-y 
[26] M. V. Krishna Mohan, T. V. K. Bhanuprakash, and A. Mukherjee, Al2O3 and CuO nano 
particulate-based paints for marine applications, Engineering Research Express, vol. 4, no. 3, p. 
035056, Sep. 2022. https://doi.org/10.1088/2631-8695/AC8FCD 
[27] S. Sharifi Golru, M. M. Attar, and B. Ramezanzadeh, Studying the influence of nano-Al2O3 
particles on the corrosion performance and hydrolytic degradation resistance of an 
epoxy/polyamide coating on AA-1050, Prog. Org. Coat., vol. 77, no. 9, pp. 1391–1399, Sep. 
2014. https://doi.org/10.1016/J.PORGCOAT.2014.04.017 
[28] H. Gong et al., Zirconia submicrosphere/potassium silicate metacoating with high irradiation 
stability for radiative cooling, Adv. Compos. Hybrid Mater., vol. 8, no. 1, Feb. 2025. 
https://doi.org/10.1007/s42114-024-01130-y 
[29] D. P. Hung et al., EFFECT OF ZIRCONIA NANOPARTICLES MODIFIED BY SILANE 
COUPLING AGENT ON SOME PROPERTIES OF EPOXY COATING, Vietnam J. Sci. 
Technol., vol. 60, no. 4, pp. 664–674, 2022. https://doi.org/10.15625/2525-2518/16999 
[30] Y. Liu et al., Design and scalable fabrication of core-shell nanospheres embedded spectrally 
selective single-layer coatings for durable daytime radiative cooling, Solar Energy Materials and 
Solar Cells, vol. 260, p. 112493, Sep. 2023. https://doi.org/10.1016/J.SOLMAT.2023.112493 
[31] C. Takai-Yamashita and M. Fuji, Hollow silica nanoparticles: A tiny pore with big dreams, 
Advanced Powder Technology, vol. 31, no. 2, pp. 804–807, Feb. 2020. 
https://doi.org/10.1016/j.apt.2019.11.034 



Advanced Materials and Sustainable Energy Technologies – AMSET2025 Materials Research Forum LLC 
Materials Research Proceedings 66 (2026) 52-63   https://doi.org/10.21741/9781644904152-7 

 

 
61 

[32] E. P. Ferreira-Neto et al., Thermally stable SiO2@TiO2 core@shell nanoparticles for 
application in photocatalytic self-cleaning ceramic tiles, Mater. Adv., vol. 2, no. 6, pp. 2085–
2096, Mar. 2021. https://doi.org/10.1039/D0MA00785D 
[33] M. Eren and H. K. Can, Preparation of zinc methacrylate-methylmethacrylate-butyl acrylate 
emulsions and their application in exterior paints, Prog. Org. Coat., vol. 135, pp. 424–437, Oct. 
2019. https://doi.org/10.1016/J.PORGCOAT.2019.06.031 
[34] H. A. El-Wahab et al., Efficacy of zinc and copper oxide nanoparticles as heat and 
corrosion-resistant pigments in paint formulations, Sci. Rep., vol. 14, no. 1, Dec. 2024. 
https://doi.org/10.1038/s41598-024-74345-0 
[35] U. Qazi, D. F. Anjusa Putra, Y. Z. Lai, and S. J. Shih, Selection of binder on SiO2-based 
thick film for radiative cooling applications, Ceram. Int., vol. 51, no. 16, pp. 22942–22954, Jul. 
2025. https://doi.org/10.1016/J.CERAMINT.2025.02.209 
[36] M. Eren and H. K. Can, Preparation of zinc methacrylate-methylmethacrylate-butyl acrylate 
emulsions and their application in exterior paints, Prog. Org. Coat., vol. 135, pp. 424–437, Oct. 
2019. https://doi.org/10.1016/J.PORGCOAT.2019.06.031 
[37] J. Song et al., Durable radiative cooling against environmental aging, Nature 
Communications 2022 13:1, vol. 13, no. 1, pp. 1–12, Aug. 2022. https://doi.org/10.1038/s41467-
022-32409-7 
[38] U. Qazi, D. F. Anjusa Putra, Y. Z. Lai, and S. J. Shih, Selection of binder on SiO2-based 
thick film for radiative cooling applications, Ceram. Int., vol. 51, no. 16, pp. 22942–22954, Jul. 
2025. https://doi.org/10.1016/J.CERAMINT.2025.02.209 
[39] X. Li, J. Peoples, P. Yao, and X. Ruan, Ultrawhite BaSO4Paints and Films for Remarkable 
Daytime Subambient Radiative Cooling, ACS Appl. Mater. Interfaces, vol. 13, no. 18, pp. 
21733–21739, May 2021. https://doi.org/10.1021/acsami.1c02368 
[40] X. Li, J. Peoples, P. Yao, and X. Ruan, Ultrawhite BaSO4Paints and Films for Remarkable 
Daytime Subambient Radiative Cooling, ACS Appl. Mater. Interfaces, vol. 13, no. 18, pp. 
21733–21739, May 2021. https://doi.org/10.1021/acsami.1c02368 
[41] J. Yu et al., Enhancing Passive Radiative Cooling Films with Hollow Yttrium-Oxide 
Spheres Insights from FDTD Simulation, Macromol. Rapid Commun., vol. 46, no. 3, Feb. 2025. 
https://doi.org/10.1002/MARC.202400770 
[42] D. Hu, S. Sun, P. Du, X. Lu, H. Zhang, and Z. Zhang, Hollow Core-Shell Particle-
Containing Coating for Passive Daytime Radiative Cooling, Compos. Part A Appl. Sci. Manuf., 
vol. 158, p. 106949, Jul. 2022. https://doi.org/10.1016/J.COMPOSITESA.2022.106949 
[43] C. Takai-Yamashita and M. Fuji, Hollow silica nanoparticles: A tiny pore with big dreams, 
Advanced Powder Technology, vol. 31, no. 2, pp. 804–807, Feb. 2020. 
https://doi.org/10.1016/j.apt.2019.11.034 
[44] Z. A. Abdul Halim, N. Ahmad, and M. A. Mat Yajid, “Modifying commercial water-based 
acrylic paint with Rice husk-derived silica aerogel fillers for building thermal insulation,” Prog. 
Org. Coat., vol. 201, p. 109114, Apr. 2025. https://doi.org/10.1016/J.PORGCOAT.2025.109114 
[45] S. Yang, F. Wang, J. Ou, and C. Li, Yellow self-cleaning radiative cooling paint for building 
exterior with high adhesion, Prog. Org. Coat., vol. 204, p. 109200, Jul. 2025. 
https://doi.org/10.1016/J.PORGCOAT.2025.109200 



Advanced Materials and Sustainable Energy Technologies – AMSET2025 Materials Research Forum LLC 
Materials Research Proceedings 66 (2026) 52-63   https://doi.org/10.21741/9781644904152-7 

 

 
62 

[46] M. Wurood Asaad, L. M. Shaker, and A. Mahdi, An Experimental Study on the Effect of 
Nano Zinc Oxide on Reflective Coatings and Building Roof Temperatures, Materials Science 
Forum, vol. 1131, pp. 109–118, 2024. https://doi.org/10.4028/P-GDBLU6 
[47] N. L. Alchapar and J. Balter, Nanopaint application in residential buildings. A study of the 
effect of cool paint on cooling energy demand, Nanopaints: Characterization, Formulation, and 
Emerging Applications, pp. 333–357, Jan. 2025. https://doi.org/10.1016/B978-0-443-26512-
9.00013-6 
[48] L. Zhou et al., Radiative cooling for energy sustainability: Materials, systems, and 
applications, Phys. Rev. Mater., vol. 6, p. 90201, 2022. 
https://doi.org/10.1103/PhysRevMaterials.6.090201 
[49] C. Y. Tso, K. C. Chan, and C. Y. H. Chao, A field investigation of passive radiative cooling 
under Hong Kong’s climate, Renew. Energy, vol. 106, pp. 52–61, Jun. 2017. 
https://doi.org/10.1016/J.RENENE.2017.01.018 
[50] D. Tachouali and H. Taleb, “Achieving energy reduction by applying passive cooling 
strategies in a hot arid region: a case study of the UAE,” 2015. 
https://doi.org/10.2495/SDP150941 
[51] J. Peoples, Y. W. Hung, Z. Fang, J. Braun, W. T. Horton, and X. Ruan, Energy savings of 
radiative cooling paints applied to residential buildings, Int. J. Heat Mass Transf., vol. 194, p. 
123001, Sep. 2022. https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2022.123001 
[52] H. Bao, C. Yan, B. Wang, X. Fang, C. Y. Zhao, and X. Ruan, Double-layer nanoparticle-
based coatings for efficient terrestrial radiative cooling, Solar Energy Materials and Solar Cells, 
vol. 168, pp. 78–84, 2017. https://doi.org/10.1016/j.solmat.2017.04.020 
[53] H. Bao, C. Yan, B. Wang, X. Fang, C. Y. Zhao, and X. Ruan, Double-layer nanoparticle-
based coatings for efficient terrestrial radiative cooling, Solar Energy Materials and Solar Cells, 
vol. 168, pp. 78–84, Aug. 2017. https://doi.org/10.1016/J.SOLMAT.2017.04.020 
[54] X. Zhang et al., Nanoporous Mg-doped SiO2 nanoparticles with tunable infrared emissivity 
toward effective radiative cooling coatings, J. Alloys Compd., vol. 940, p. 168905, Apr. 2023. 
https://doi.org/10.1016/J.JALLCOM.2023.168905 
[55] Y. Dong et al., A low-cost sustainable coating: Improving passive daytime radiative cooling 
performance using the spectral band complementarity method, Renew. Energy, vol. 192, pp. 
606–616, Jun. 2022. https://doi.org/10.1016/J.RENENE.2022.04.093 
[56] X. Yu, F. Yao, W. Huang, D. Xu, and C. Chen, Enhanced radiative cooling paint with 
broken glass bubbles, Renew. Energy, vol. 194, pp. 129–136, Jul. 2022. 
https://doi.org/10.1016/J.RENENE.2022.05.094 
[57] D. P. Hung et al., EFFECT OF ZIRCONIA NANOPARTICLES MODIFIED BY SILANE 
COUPLING AGENT ON SOME PROPERTIES OF EPOXY COATING, Vietnam J. Sci. 
Technol., vol. 60, no. 4, pp. 664–674, 2022. https://doi.org/10.15625/2525-2518/16999 
[58] M. Baneshi and S. Maruyama, The impacts of applying typical and aesthetically–thermally 
optimized TiO2 pigmented coatings on cooling and heating load demands of a typical residential 
building in various climates of Iran, Energy Build., vol. 113, pp. 99–111, Feb. 2016. 
https://doi.org/10.1016/J.ENBUILD.2015.12.028 



Advanced Materials and Sustainable Energy Technologies – AMSET2025 Materials Research Forum LLC 
Materials Research Proceedings 66 (2026) 52-63   https://doi.org/10.21741/9781644904152-7 

 

 
63 

[59] T. Wang, Q. Xuan, Y. Dong, D. Lei, and J. G. Dai, Bilayer fluorescent colored radiative 
cooling coatings for building energy saving, Energy, vol. 332, p. 137292, Sep. 2025. 
https://doi.org/10.1016/J.ENERGY.2025.137292 
[60] J. Xu et al., Colored radiative cooling coatings using phosphor dyes, Mater. Today Nano, 
vol. 19, no. 6555, p. 100239, Aug. 2022. https://doi.org/10.1016/j.mtnano.2022.100239 
[61] A. Al-Mahdouri et al., Multifunctional silica aerogel-infused paint for self-cleaning and 
radiative cooling, Journal of Materiomics, vol. 11, no. 6, p. 101070, Nov. 2025. 
https://doi.org/10.1016/J.JMAT.2025.101070 
[62] R. Paolini et al., Effects of soiling and weathering on the albedo of building envelope 
materials: Lessons learned from natural exposure in two European cities and tuning of a 
laboratory simulation practice, Solar Energy Materials and Solar Cells, vol. 205, Feb. 2020. 
https://doi.org/10.1016/J.SOLMAT.2019.110264 
[63] T. U. K. Nutakki, W. U. Kazim, K. Alamara, T. Salameh, and M. A. Abdelkareem, 
Experimental Investigation on Aging and Energy Savings Evaluation of High Solar Reflective 
Index (SRI) Paints: A Case Study on Residential Households in the GCC Region, Buildings 
2023, Vol. 13, Page 419, vol. 13, no. 2, p. 419, Feb. 2023. 
https://doi.org/10.3390/BUILDINGS13020419 
[64] J. Song et al., Durable radiative cooling against environmental aging, Nature 
Communications 2022 13:1, vol. 13, no. 1, pp. 1–12, Aug. 2022. https://doi.org/10.1038/s41467-
022-32409-7 
[65] Y. Çakmak, Determination of Aging Parameters and Following Structure Changes in Red 
Oil Paints: A Comprehensive Study, Microchemical Journal, vol. 210, p. 113012, Mar. 2025. 
https://doi.org/10.1016/J.MICROC.2025.113012 
[66] C. Y. Tso, K. C. Chan, and C. Y. H. Chao, A field investigation of passive radiative cooling 
under Hong Kong’s climate, Renew. Energy, vol. 106, pp. 52–61, Jun. 2017. 
https://doi.org/10.1016/j.renene.2017.01.018 
[67] A. K. Aljwirah et al., “Water-Based Hydrophobic Paints for Daytime Radiative Cooling,” 
ACS Appl. Mater. Interfaces, vol. 17, no. 22, pp. 32914–32927, Jun. 2025. 
https://doi.org/10.1021/acsami.5c05687 
[68] A. Felicelli et al., Efficient radiative cooling of low-cost BaSO4 paint-paper dual-layer thin 
films,Nanophotonics, vol. 13, no. 5, pp. 639–648, Mar. 2024. https://doi.org/10.1515/NANOPH-
2023-0642/DOWNLOADASSET/SUPPL/J_NANOPH-2023-0642_SUPPL_001.DOCX 
[69] B. Dopphoopha, K. Li, C. Lin, and B. Huang, Aqueous double-layer paint of low thickness 
for sub-ambient radiative cooling, Nanophotonics, vol. 13, no. 5, p. 659, Mar. 2024. 
https://doi.org/10.1515/NANOPH-2023-0664 
  
 


	Nano Cool Paint as a Passive Cooling Strategy for  Net-Zero Energy Buildings (NZEBs)
	Introduction
	Background and Mechanism
	Materials and Methods
	Discussion
	Application
	Limitations and Challenges
	Conclusion
	Acknowledgement
	References


