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Abstract 

In response to global environmental crises like climate change, urban heat islands, and rising energy 

demands, this thesis investigates innovative solutions through radiative cooling (RC) materials and systems. 

It assesses RC technologies' potential to mitigate climate change by evaluating their global warming 

potential (GWP) and radiative forcing (RF) using life cycle assessment (LCA) methods. RC materials are 

compared with conventional construction and roofing materials, highlighting their significant impact on 

reducing global warming. 

One RC material exhibiting an average solar reflectance (𝑅̅𝑠𝑜𝑙𝑎𝑟) of 98.2% and an average long-wavelength 

infrared emittance of (𝜀𝐿̅𝑊𝐼𝑅) 98.5%, achieved a net cooling power of 160.8 W·m⁻², leading to a GWP of -

252 kgCO₂-eq·m⁻² over 20 years and -333 kgCO₂-eq·m⁻² over 100 years, with an RF value of -1.01 W·m⁻² 

when covering 1% of the Earth's surface, indicating a substantial reduction in radiative forcing compared 

to conventional materials.  

The thesis also explores using reflective undersides to enhance RC performance by redirecting thermal 

emissions and reducing heat loss. Numerical simulations with Monte Carlo ray-tracing techniques evaluated 

various configurations, including flat and parabolic reflectors. Results show that, under ideal conditions 

with selective emittance spectra and no solar absorption or convection, parabolic reflectors can lower 

steady-state temperatures to ~230 K at 300 K ambient temperature. 

Another focus was designing novel micro- and nano-structured materials with controlled radiative 

properties for passive daytime radiative cooling (PDRC). Enhanced PVDF-HFP-based porous materials 

were developed using the phase inversion method, achieving high solar reflectivity and long-wave infrared 

emissivity, such as the (1-8-1.25) sample. These materials minimize solar heat absorption and optimize 

thermal radiation through the atmospheric window. 

Experimental validation included outdoor testing and dew condensation experiments, demonstrating the 

practicality of PDRC systems. The findings underscore RC technologies' potential to reduce cooling 

energy demands and mitigate global warming, positioning them as a promising solution for sustainable 

urban and building environments.  
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𝐏𝐑𝐂−𝐬𝐤𝐲 : Power radiated directly towards the sky. 

𝐏𝐑𝐂−𝐄𝐚𝐫𝐭𝐡 : Radiative power exchange of the RC with the Earth. 
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𝐏𝐒𝐨𝐥𝐚𝐫: Heating due to absorption of solar radiation. 

𝐏𝐚𝐭𝐦 : Heating by absorbing atmospheric radiation. 

𝐏𝐑𝐂 : Heat exchange via RC. 

𝐏𝐧𝐞𝐭,𝐂𝐨𝐨𝐥𝐢𝐧𝐠 : The net cooling power. 

q: Ratio of solar radiation power divided by the radiative power of a blackbody at 300 K in the 8–13 μm 

spectral range. 

𝐑̅𝐬𝐨𝐥𝐚𝐫: Average solar reflectance. 

𝐫𝐑𝐂 : Radius of the RC. 

RF: Radiative forcing. 

𝐓𝐚𝐦𝐛 : Ambient temperature. 

𝐓𝐑𝐂 : Temperature of the radiative cooler. 

𝐓𝐠 : Glass transition temperature. 

𝐓𝐠,𝐞𝐟𝐟: Effective glass transition temperature. 

τ (λ): Spectral atmospheric transmittance in the normal direction. 

𝛙𝐝: Maximum possible deviation from the zenith, occurring when radiation is emitted from the edge of 

the RC material structure. 

𝛉𝐬: Supplementary angle to the rim angle. 
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Chapter 1  

1. Introduction  

1.1. Background and context of the research 

Global warming is an unprecedented challenge that poses significant risks to our planet's 

environmental equilibrium and the well-being of its inhabitants. Driven primarily by the 

accumulation of greenhouse gases, such as CO2, CH4, and atmospheric H2O, global warming is 

manifesting in the form of heatwaves, rising sea levels, increased flooding, and severe 

infrastructure damage [7][8][9][10]. One contributing factor to the predicament is the surging 

demand for cooling, driven by rising temperatures and the need for comfortable indoor 

environments. Traditional cooling systems are energy-intensive and, unfortunately, release 

substantial amounts of pollutants, exacerbating the environmental crisis. In fact, an alarming 

statistic reveals that approximately 40% of primary energy consumption is attributed to the 

operation of heating, ventilation, and air conditioning (HVAC) systems within buildings [11][12]. 

This statistic underscores the urgency to explore alternative cooling methods that can substantially 

reduce both energy consumption and emissions in the building sector. Addressing this critical 

modern-day problem requires innovative solutions that not only reduce greenhouse gas emissions 

but also mitigate the adverse effects of escalating temperatures. 

One promising avenue of research lies in passive cooling technologies, which hold the potential to 

address the aforementioned issues effectively. Passive cooling systems are characterized by their 
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ability to achieve thermal comfort without reliance on energy-intensive mechanisms. In particular, 

radiative cooling (RC) technology has emerged as an innovative and sustainable solution that not 

only caters to the growing demand for cooling but also contributes to global environmental goals 

in several ways [8][12][13][14][15][16]. 

RC technology is predicated on the principle of radiating excess heat energy to outer space, thereby 

utilizing the frigid expanse of space as a natural heat sink. This principal hinges on the atmospheric 

characteristics of Earth, with specific emphasis on the phenomenon known as the atmospheric 

window. Within the wavelength range of 8–13 μm, this atmospheric window is characterized by 

minimal absorption of thermal radiation and is highly transparent to radiative heat transfer 

[17][18]. Importantly, this wavelength range corresponds with the peak emissions of thermal 

radiation from terrestrial objects at ambient temperatures. Thus, the large temperature gradient 

between the Earth's surface (around 300 K) and outer space (approximately 2.7 K) provides an 

exceptional opportunity for harnessing radiative cooling. In practice, any sky-facing object with 

high emissivity in the atmospheric window can effectively emit radiative heat to outer space, 

resulting in a substantial cooling effect [19][20]. Not only does RC technology offer a novel 

approach to meeting cooling demands, but it also plays a crucial role in mitigating urban heat 

islands, which, in turn, reduces the need for additional cooling. Furthermore, RC technology's 

unique ability to emit heat energy directly into outer space contributes to a reduction in global 

warming by decreasing the net radiative forcing [21][22][23][24]. 

The interplay between global warming, escalating energy demands for cooling, and the promising 

capabilities of RC technology provides the overarching context for this research. The pursuit of 

sustainable cooling solutions, underpinned by RC technology, is imperative in the ongoing battle 

to address global warming while ensuring a habitable and environmentally responsible future. 

 

1.2. Statement of the problem 

RC technology offers a promising approach to address the increasing energy demands for in a 

verity of cooling applications. In RC technology, sky-facing structures with high emissivity within 

the atmospheric transparency window can efficiently radiate thermal energy to outer space, 

providing cooling benefits [2]. While efficient RC material structures have been developed for 
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various applications, a critical challenge hinders their widespread adoption in systems with limited 

available space. This research encompasses different interrelated components, each addressing a 

distinct challenge in advancing RC technology. 

In the realm of RC technologies, a critical research gap exists in the identification and development 

of novel materials and designs with enhanced RC properties. While commendable progress has 

been made in introducing efficient RC material structures for various applications, there is still 

ample room for investigation into material structures that not only exhibit high emissivity for 

effective thermal radiation but also possess high solar reflectivity. This dual consideration becomes 

particularly crucial for applications operating during daylight hours. The development of materials 

with a balance between high emissivity for efficient RC and high reflectivity for solar rejection is 

imperative for the continuous integration of RC technologies into applications that operate 

continuously, both day and night. 

Exploring material structures with the capability to effectively manage solar radiation during 

daylight hours will contribute to the overall efficiency and applicability of RC systems. This 

involves not only identifying materials with the desired optical properties but also designing 

structures that can selectively control the absorption and reflection of solar energy. 

Closing this research gap is vital for advancing the practicality and versatility of RC technologies. 

The investigation into material structures with high solar reflectivity, coupled with enhanced RC 

properties, will not only broaden the scope of applications for RC systems but also address the 

challenges associated with continuous operation in diverse environmental conditions. 

Moreover, while significant progress has been made in the development and implementation of 

RC technologies for various applications, a critical research gap exists in the design and 

optimization of RC material structures for spaces with limited surface area. Current literature 

acknowledges the challenge posed by constrained sky-facing areas in impeding the widespread 

adoption of RC technologies for environments with limited surface availability [19]. However, 

existing research has predominantly focused on enhancing the RC performance from the top sky-

facing surfaces of objects, neglecting the potential contributions from the bottom surfaces. 

To date, the majority of RC material structures have been designed with insulation on the bottom 

surfaces, assuming limited cooling potential due to the exchange of thermal radiation with 
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surrounding surfaces. This approach limits the overall efficiency of RC systems, as the bottom 

surfaces could also play a significant role in radiating thermal energy to outer space. Therefore, a 

critical research gap exists in the exploration and development of efficient RC material structures 

capable of simultaneous RC from both the top and bottom surfaces in space-restricted 

environments. 

Addressing this research gap is essential for the advancement of RC technology in spaces where 

the optimization of sky-facing area becomes a crucial factor. Despite efforts to enhance the cooling 

performance of RC designs, there is still ample room for innovation in developing material 

structures that can effectively exploit both sky-facing surfaces for RC in environments with limited 

surface area. Closing this research gap will not only contribute to the broader adoption of RC 

technologies in space-restricted environments but also pave the way for more energy-efficient and 

sustainable cooling solutions in constrained spaces. 

 

1.3. Objectives of the research 

The high-level objectives of this research are to develop and evaluate novel configurations of micro 

and nano-structured materials with controlled radiative properties for RC applications. To achieve 

that, the following objectives should be fulfilled:   

 

Objective 1: To explore the environmental impact of RC materials in geoengineering applications 

and Life Cycle Assessment Approaches for this technology.  

This objective seeks to assess the global warming potential (GWP) associated with the use of RC 

materials, as opposed to traditional surfaces, through life cycle assessment (LCA) methods. By 

comparing the GWP of RC materials reported in the literature, with that of common construction 

materials such as white cement paste, road asphalt, concrete, and grey cement, as well as roofing 

materials like shingles, ceramic roofing tiles, and PVC, this study evaluates the environmental 

benefits of RC. Additionally, the GWP of natural surfaces, including forests and oceans, is 

analyzed to offer a broader perspective. To deepen the analysis, idealized surfaces—such as a 

perfect RC, perfect reflector, and blackbody—are also included to contextualize the environmental 
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impacts. Furthermore, the potential impact of covering 1% of Earth's surface with RC materials 

on terrestrial radiative forcing (RF) is explored, providing insights into how surface modifications 

might influence RF and contribute to climate mitigation strategies. The results aim to inform 

decision-making in both geoengineering and land-use planning by showcasing the benefits of RC 

in reducing GWP. 

 

Objective 2: To perform numerical simulations to investigate the effects of placing reflective 

surfaces under a RC material structure.  

The aim of this objective is to understand the effects of using underside reflectors on radiative 

cooling properties of RC material structures. Optical simulations based on Monte Carlo Ray 

Tracing (MCRT) method are carried out to investigate the effects of the geometric properties of 

the parabolic reflectors including aperture surface area, focal length, and height on the RC 

performance. The effects of changing the heat convective transfer coefficient, h, the incident solar 

radiation, 𝛼Solar, the atmospheric temperature, 𝑇𝑎𝑡𝑚, and the average emittance over the 

atmospheric window, 𝜀𝐴𝑊, on the performance of the RC are also investigated.  

   

Objective 3: To design and experimentally investigate a porous Passive Daytime Radiative Cooler 

(PDRC) system with an optimized and controlled pore size distribution of micro and nano sizes 

using phase inversion technique to demonstrate high solar reflectivity as well as high emissivity in 

Long Wavelength Infrared (LWIR) wavelengths. 

This objective aims to find a correlation between the fabrication parameters of porous material 

structures and their optical behavior in terms of solar reflectivity and LWIR emissivity. In this 

objective, phase inversion technique is used to fabricate porous coatings. Poly (vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) is a low-cost polymeric material with ideal 

intrinsic properties suitable for RC applications which is utilized as the base material in this 

proposed study. The effects of parameters including the polymer; solvent; nonsolvent mass ration, 

nonsolvent type and temperature on the geometrical aspects of the porous coatings and their optical 

properties are investigated. 
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Objective 4: To demonstrate a proof-of-concept of the developed PDRC material structure in a 

practical application and to evaluate its performance in an outdoor setup.   

In this objective an experimental setup will be designed to test the performance of the developed 

PDRC material structure. The rooftop measurement setup includes a chamber of a polystyrene 

foam covered with a layer of aluminum foil to reduce the effects of convection/conduction and 

solar radiation. The RC samples employing an underside reflector (parabolic and flat reflectors) 

are placed inside the insulated chamber and a transparent PE film is used on top to seal the 

apparatus from wind and convection/conduction. A feedback-controlled heater is attached to the 

sample to maintain the RC samples at an ambient temperature for cooling power measurements. 

Thermocouples will be used to measure the temperature directly below the sample as well as the 

ambient air temperature around the sample. A relative humidity (RH) data logger is used to 

measure and record the relative air humidity. The hemispherical solar irradiance is measured using 

a pyranometer connected to a computer. For the sub-ambient temperature measurements, the heater 

switches off and the temperature of the air and RC sample and solar irradiance are recorded over 

a period of time. The apparatus is placed on top of a roof. 

 

1.4. Thesis Outline  

This thesis embarks on a comprehensive exploration of RC technology, addressing the pressing 

challenges related to cooling in applications with limited space. This research is structured into 

distinct components, each contributing to the advancement of RC technology.  

In Chapter 2 (Literature review), the focus is on providing an overview of RC technology, 

outlining its significance in the context of sustainable building practices. The chapter will start 

with an introduction to the concept of RC and its potential to mitigate the environmental impacts 

of traditional cooling methods. It will also include a comprehensive literature review on studies 

investigating RC technology, highlighting key findings and gaps in research.  

Chapter 3 (Environmental implications of RC technologies) will delve into the environmental 

implications associated with integrating RC technologies into buildings. It will begin by discussing 
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the methodologies and frameworks used in assessing the environmental impacts of RC 

technologies within the built environment. The chapter will then examine key environmental 

indicators such as energy consumption and greenhouse gas emissions, aiming to quantify the 

sustainability benefits of incorporating RC technologies. Furthermore, it will explore the 

complexities of evaluating the GWP of RC technologies, emphasizing their direct effects on 

radiative forcing. 

Chapter 4 (Utilizing underside reflectors in RC technology) focuses on the utilization of 

underside reflectors in RC technology to enhance cooling efficiency. It starts by explaining the 

conventional emphasis on optimizing RC from top sky-facing surfaces and the challenges 

associated with cooling contributions from non-sky-faced sides. The research methodology for 

designing and implementing innovative RC material structures incorporating underside reflectors 

will be outlined, aiming to redirect thermal radiation and enable dual-sided RC. This chapter will 

provide insights into the practical implications and potential applications of this approach, 

especially in settings characterized by limited space. 

Chapter 5 (Enhancing RC material properties for improved cooling) delves into the properties 

of RC materials and strategies for enhancing their cooling potential. It will discuss the significance 

of material choice and optical characteristics in achieving efficient RC. The research methodology 

for exploring and developing materials with optimized optical properties will be outlined, with a 

focus on maximizing cooling potential through the optimization of emissivity, spectral properties, 

and thermal radiation characteristics. This chapter will contribute to advancing the understanding 

of RC material science and its implications for sustainable cooling solutions. 

Chapter 6 (Experimental setup and testing performance) presents the design of an outdoor 

experimental setup tailored to evaluate the performance of the developed RC material structure 

under real-world conditions. This section provides a detailed description of the experimental setup, 

including the selection of the testing location, arrangement of instrumentation, and measurement 

protocols. The chapter emphasizes the importance of outdoor testing to assess the RC material 

structure's performance accurately in varying environmental conditions, including solar radiation, 

ambient temperature, humidity, and wind speed. Additionally, this chapter outlines methodologies 

for evaluating the RC material structure's effectiveness in passive cooling applications and its 

potential for water harvesting. Through comprehensive testing protocols, this section aims to 
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provide valuable insights into the practical applicability and performance of RC technology in 

real-world scenarios. 

Chapter 7 (Conclusion and future work) summarizes the main research components, their 

contributions, and the overarching challenge addressed. It discusses innovative solutions proposed 

for efficient cooling and broader implications for energy consumption reduction and greenhouse 

gas mitigation. It also suggests future research directions and applications of RC technology. 
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Chapter 2  

2. Radiative cooling technology 

2.1. Introduction  

Radiative coolers (RCs) function by radiating thermal energy to outer space. There is a substantial 

difference between the temperature of terrestrial objects on Earth (~ 300 K) and outer space (~2 

K). To harness this temperature difference, there must be a free exchange of radiation between 

terrestrial objects and outer space. Fortunately, the Earth's atmosphere is highly transparent over 

the atmospheric window with wavelengths ranging from 8 to 13 μm [24][25][26][27]. As depicted 

in Figure 2.1, this wavelength range aligns with the peak emissions of thermal radiation from 

terrestrial objects at typical ambient temperatures. Consequently, the significant temperature 

differential between the Earth's surface (approximately 300 K) and outer space (around 2.7 K) 

presents a remarkable opportunity for effective RC [28]. 
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Figure 2.1. Atmospheric spectral transmittance obtained from ATRAN and the blackbody spectral 

radiation at 300 K. 

 

2.2.  Fundamental principles of radiative cooling 

The net cooling power of a daytime radiative cooler can be affected by four main heat exchange 

processes [29][30]: i) heat exchange via RC (𝑃𝑅𝐶), ii) heating by absorbing atmospheric radiation 

(𝑃𝑎𝑡𝑚), iii) heat exchange with the surrounding environment via convection and conduction 

(𝑃𝑁𝑜𝑛𝑟𝑎𝑑.), and iv) heating due to absorption of solar radiation (𝑃𝑆𝑜𝑙𝑎𝑟). Note that 𝑃𝑁𝑜𝑛𝑟𝑎𝑑 is 

considered to be positive when heat is transferred from the surroundings to the RC system, which 

is the case for sub-ambient cooling. These heat exchange processes are illustrated in Figure 2.2.   

The theoretical models used to define these thermal exchange factors are provided in the literature 

[22][31][1][2][32][19][20][33]. To increase the cooling power of a radiative cooler, the effect of 

the three parameters 𝑃𝑎𝑡𝑚, 𝑃𝑁𝑜𝑛𝑟𝑎𝑑, and 𝑃𝑆𝑜𝑙𝑎𝑟 should be minimized to ensure the radiated output 

power exceeds the net absorbed power. To achieve this, first, a RC material structure should have 

a selective emitter having maximal emissivity over the spectral range form 8-13 μm (to increase 

𝑃𝑅𝐶) while having low emissivity in other wavelength regions (to decrease 𝑃𝑎𝑡𝑚). Secondly, if 

operating under sunlight RC material structures should be highly reflective to solar radiation (to 

reduce 𝑃𝑆𝑜𝑙𝑎𝑟). Finally, to minimize non-radiative heat gains from the surrounding environment 

(𝑃𝑁𝑜𝑛𝑟𝑎𝑑), the radiative cooler can be sheltered by encapsulating it in an air/vacuum media or by 
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using convection/conduction shields. More details about these heat exchange processes are 

discussed in the following sections.  

 

 

Figure 2.2. Schematic of a RC panel showing its four main heat exchange processes. 

 

2.2.1. Convective heat exchange with the surrounding environment 

If the operating temperature of the radiative cooler is higher than the ambient temperature, then an 

RC material structure loses heat to its surroundings and 𝑃𝑁𝑜𝑛𝑟𝑎𝑑 is negative, which increases the 

overall cooling power that can be achieved. However, when cooling to sub-ambient temperatures, 

𝑃𝑁𝑜𝑛𝑟𝑎𝑑 is positive and reduces the net cooling power [2]. For sub-ambient cooling approaches, 

the convective heat transfer is typically responsible for the greatest loss in cooling power. There 

are two major solutions for reducing unwanted effects of convective heat transfer during sub-

ambient RC. The first solution is to encapsulate the radiator with a medium that has low thermal 

conductivity such as air or vacuum and surround this medium with insulative structures to suppress 

convective heat transfer [34][35]. The second solution, which is more robust and scalable, is to use 

an infrared-transparent cover or a wind shield to restrict the ambient airflow across the radiator 

[36][37]. Generally, convection or wind covers are utilized to suppress the non-radiative heat 

exchange. For example, low-/high-density polyethylene (L/H-DPE), pigmented polyethylene (PE) 

foils, zinc selenide (ZnSe), zinc sulfide (ZnS), and CdS, Si, or Ge windows can be placed above 

the radiator due to their high transmittance within the atmospheric window [38][1]. PE films with 

their high transparency in the atmospheric region of 8–13 μm are considered as a cost-effective 

candidate with excellent results for insulating applications. Leroy et al. [39] designed solar 

reflecting, IR transparent, low thermal conductivity films using PE aerogels (PEAs) that can be 
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integrated with LWIR radiators to form a high-performance sub ambient RC design. Using this 

design in an experimental setup they reported a daytime ambient temperature cooling power of 96 

W·m-2 and passive cooling up to 13˚C below ambient temperature at noon time. Another material 

suggested as a convection cover with high IR transparency and mechanical strength is zinc 

sulphide (ZnS). Bathgate et al. [40] measured the average 8-13 μm transmittance of ZnS and 

reported a value of 64% for a 4 mm thick film of this material. Although zinc sulphide has better 

durability than PE, its high manufacturing costs present a challenge and its IR transmittance (64% 

for a 4 mm thick film) is lower than that of a 100 μm thick PE film, which has an IR transmittance 

of 73%. ZnSe is another candidate to be used as a convection shield, which has been reported by 

Chen et al. [38]. In this study a vacuum chamber equipped with a double-side anti-reflection coated 

ZnSe window is used to minimize parasitic heat losses caused by the air conduction and 

convection. Generally, the thin layers of PE ages fast due to the adverse effects of ultraviolet 

radiation. On the other hand, although ZnS and ZnSe layers possess the high strength, a low solar 

transmissivity and high costs restrict their utilization in building applications [19]. Liu et al. [41] 

thoroughly reviewed the available wind cover materials and reported that only thin low-density 

polyethylene (LDPE) and high-density polyethylene (HDPE) films can be efficiently implemented 

for daytime RC. ZnS and ZnSe layers can also be used to protect the vacuum chambers from non-

radiative heat exchange. They also collected non-radiative heat exchange coefficients of structures 

with and without the wind cover reported in the RC studies. 

 

2.2.2. Heating due to the solar irradiance 

The total solar radiation that reaches the top of the Earth’s atmosphere, known as the solar constant, 

has a value of 1,354 W·m-2. However, parts of the insolation are reflected, transmitted, or absorbed 

and reradiated while passing through the Earth’s atmosphere and the amount that reaches the 

planet's surface varies from 0 to about 1050 W·m-2. On average about half of the solar energy 

incident onto the top of the atmosphere reaches Earth’s surface, of which 21% is received as direct 

radiation and about 29% is received as scattered or diffuse radiation. For daytime RC applications, 

it is important to reflect both the diffuse and direct parts of the solar irradiance. For instance, a RC 

module with a solar absorption of 5-10%, under a solar irradiance of 800 W·m-2, absorbs 40–80 

W·m-2, approaching or even exceeding the output cooling potential of the radiator [2]. To minimize 

the adverse effect of solar radiation different techniques can be utilized such as using solar 
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reflective structures that are transparent for thermal radiation or structures that can reflect solar 

radiation while providing LWIR emissivity. Furthermore, sunshades can also be utilized to confine 

the solar flux and decrease the absorption of the direct solar irradiance. For example, Chen et al. 

[38] used a combination of a sunshade and a mirror-cone in a RC design to mitigate the effects of 

the direct and indirect solar irradiance onto the emitter. This design is used to ensure that the 

selective emitter is exposed to only diffuse sunlight when the structure is under the direct sunlight. 

The cone also restricts the high-intensity low-angle incoming atmospheric radiation by confining 

the angular range of the apparatus to directions close to the zenith where the sky is most 

transparent. 

 

2.2.3. The effects of atmospheric conditions 

The atmosphere is comprised of many constituents including carbon dioxide, water vapor, ozone, 

nitrogen oxides and hydrocarbons, which cause significant absorption bands in the IR wavelength 

range from 3 - 50 μm. To evaluate the performance of RC material structures it is crucial to use an 

accurate radiative model to calculate the spectral and directional emittance of the sky under 

different conditions. Such models take into consideration the temperature, atmospheric water 

vapor distribution and other meteorological parameters, such as dew point temperatures. Specific 

tools such as a pyrgeometer or modified infrared thermometer can also be used to measure the 

spectral and directional emittance of the sky [1][2][38]. Comprehensive reviews on different 

correlations for infrared atmospheric radiation have been provided in the literature [22][2][32][11]. 

The amount of water content in the atmosphere is a crucial factor in determining the transparency 

of the sky in the atmospheric window, and this must be taken into consideration when designing 

RC material structures. Figure 2.3 shows the modeled atmospheric transmittance for two different 

locations in Australia during summer (January 2015), Perth and Brisbane, which had different 

ambient temperatures and relative humidity (RH) values [1]. The strong effects of RH on 

atmospheric transparency are apparent when comparing the transmittance plots in Figure 2.3, 

which differ significantly despite the fact that the temperatures used in the model for Perth and 

Brisbane are comparable. Similarly, the existence of clouds in the sky promotes the incoming 

infrared atmospheric radiation compared to clear sky conditions. This happens as clouds close the 

transparency of the sky in the atmospheric window region [32]. 
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Figure 2.3. Modeled atmospheric transmittance profile for two locations of Perth and Brisbane with 

different atmospheric conditions. Reproduced under the terms of the Creative Commons License CC BY 

4.0. [1] Copyright 2016, The Authors, published by WILEY‐VCH Verlag GmbH & Co. 

 

2.2.4. Spectral selectivity of the radiators 

According to the target cooling temperature of the RC material structures relative to the ambient 

temperature, the applications of this technology are dived into two categories of below-ambient or 

above-ambient. In general, the desired spectral emittance profile of the radiators in a RC system is 

influenced by the target temperature to be below ambient or above-ambient after cooling. In below-

ambient cooling applications, when the ambient temperature (𝑇𝑎𝑚𝑏) is higher than the temperature 

of the radiator (𝑇𝑅𝐶), 𝑇𝑅𝐶 < 𝑇𝑎𝑚𝑏, thermal radiation outside the atmospheric window region, 8-13 

μm, from the ambient heats up the radiator which causes a reduction in cooling power. Therefore, 

a spectral selective radiator with an emissivity close to one over the atmospheric window and zero 

emissivity outside this spectral region can reduce this undesirable absorption of thermal radiation 

from the ambient and maximize cooling power. 

 

On the contrary, for above-ambient cooling applications, an ideal spectrally broadband radiator 

should have an emittance close to one throughout the whole IR spectrum, and small absorptance 

in the solar spectrum for daytime cooling. The reason is that when 𝑇𝑅𝐶 is higher than 𝑇𝑎𝑚𝑏, 𝑇𝑅𝐶 > 

𝑇𝑎𝑚𝑏, having a high emissivity from 3 μm to ∞ and thermal radiation outside the atmospheric 

window would become beneficial to increase the thermal heat radiated from the radiator to the 

ambient, thus reaching a higher achievable net cooling power. To summarize, a selective radiative 
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cooler is beneficial for below-ambient cooling, while a broadband radiative cooler is needed for 

above-ambient cooling applications [2][42]. 

 

2.3.  Radiative cooling materials and structures 

According to the operating time, RC techniques can be classified into two categories of daytime 

(diurnal) RC and nighttime (nocturnal) RC [18]. The applications of nocturnal RC are well 

developed, and several studies have been conducted based on this category of RC technique 

[2][43][44][45]. To date, efficient nocturnal radiative coolers have been introduced and 

implemented in a wide variety of applications such as energy-efficient buildings [14], 

photovoltaic-thermal collectors [2][46], solar collector walls [47], and evaporative cooling systems 

[48][3]. However, there is still a huge challenge in designing highly efficient diurnal radiative 

coolers due to the intense effect of the solar radiation which is greater than the radiation emitted 

by the radiative cooler. Effective diurnal RC depends on using materials that are highly reflective 

towards solar radiation, and highly emissive in the atmospheric window. To date, numerous kinds 

of RC material structures have been either computationally or experimentally investigated. 

 

2.3.1. Polymeric structures 

Polymer-based structures have been utilized in different daytime and nighttime cooling systems. 

Initially, polymer materials including polyvinyl chloride (PVC), polyvinyl fluoride (PVF/Tedler) 

and polymethyl pentene (TPX) were utilized as radiators in RC material structures. Granqvist et 

al. [49] conducted experiments to compare these polymers (a l00 μm-thick PVC film, a 12.5 μm-

thick PVF/Tedler film, and a 340 μm-thick TPX film) and concluded that although these polymeric 

films exhibit a high emittance over the spectral range from 8-13 μm, they are strongly absorbing 

over a broad range outside the atmospheric window which increases Pa and reduces their cooling 

potential.  

 

In recent studies, other types of polymers such as polyvinyl difluoride (PVDF) [50][51], 

polymethyl methacrylate (PMMA) [52], polydimethylsiloxane (PDMS) [53][54][55][56][57], and 

polyethylene terephthalate (PET) [58] [59] were employed for RC technology. Hu et al. [59] 

covered a layer of PE terephthalate (PET) on a Ti-based solar selective absorber to design a 
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combined diurnal solar heating and nocturnal RC system acting as a solar heating system in the 

daytime and as a RC system in the nighttime. In this study, a 30 μm-thick layer of PET with high 

emissivity in the atmospheric window was covered on the Ti-based solar absorbing coating to give 

a nocturnal RC ability to the solar heating system. Two circulation loops with flow rates of about 

0.016 kg. s-1 and 0.012 kg. s-1 were applied for the diurnal collector testing mode (solar heating 

system) and for the nocturnal collector testing mode (RC system), respectively. They performed 

different experiments with different weather conditions by changing the inlet water temperature of 

the collector to assess the thermal performance of the two collectors at both daytime and nighttime 

conditions. When tested on a clear night this nocturnal collector achieved a net RC power of 50.3 

W·m-2. Recently, S.Y.Jeong et al. [53] applied a naturally-inspired thermoregulatory prismatic 

structure to a PDMS polymer with high emissivity within the atmospheric window to create a 

selective thermal emitter. Their results showed an average emissivity within the 8–13 μm 

wavelength range of 0.98 and an average solar reflectivity in the visible and near-infrared spectrum 

of 0.95. Generally, other advantages of polymer-based RC structures are their low-cost and 

scalability for mass-production and commercial applications. 

 

2.3.2. Pigmented paints 

At the earlier stages of RC technology, researchers also used pigmented white paints to achieve 

RC [2]. For example, Orel et. al. [60] compared two white pigmented RC material structures, 

TiO2/BaSO4 and TiO2/ZnS, and concluded that RC can be enhanced to a greater extent through 

the addition of BaSO4 rather than ZnS. The reason is that the absorption of the TiO2/BaSO4 paint 

is high in the atmospheric window due to the vibrational stretching modes of SO4 within BaSO4 

over the spectral range from 8-13 μm. On the contrary, TiO2/ZnS samples displayed higher 

absorptance in the spectral range outside of the atmospheric window. In another study on 

pigmented paints, Andretta et al. [61] designed a material structure comprised of an IR transparent 

PE film doped with titanium dioxide (TiO2) white pigments and carbon black particles as a daytime 

radiative cooler. Although the pigmented PE films showed a high transparency in the IR 

wavelengths, these structures did not achieve high reflectivity towards solar radiation. In another 

study, Nilsson et al. [62] employed pigmented PE foils with different pigments of ZnS, ZnSe, 

TiO2, ZrO2 and ZnO. A 400 μm thick PE film pigmented with 15% ZnS exhibited a solar 

reflectivity of 84.9%. Recently, Chae et al. [63] fabricated a scalable and paint-format RC coating 
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which consisted of Al2O3 and SiO2 microparticles filtered in dipenta-erythritol penta-/hexa-

acrylate (DPHA) and acrylate binder (acrylate). This RC paint displayed a high solar reflectivity 

of 94% and an emissivity of 93.5% in the atmospheric transparency window, resulting in a cooling 

power of about 100 W·m-2 and an average temperature drop of −7.9 ˚C and −5.1 ˚C for surface 

cooling and water cooling, respectively. 

 

2.3.3. Multilayered and photonic structures 

With recent progress on the design and fabrication of advanced photonic structures, they have been 

widely developed for RC, especially sub-ambient diurnal radiation cooling 

[33][64][65][66][4][67]. 1D photonic crystals are multilayered structures consisting of alternating 

layers of materials with different refractive indices that can be utilized as radiators and solar 

reflectors for RC applications [1]. Raman et al. [4] for the first time experimentally developed a 

RC material structure using a multilayer film for sub-ambient diurnal cooling under direct solar 

irradiance. In this work, seven alternating layers of hafnium dioxide (HfO2) and SiO2 with different 

thicknesses deposited on an Al-coated Si wafer formed a RC material structure that reflected 97% 

of the solar irradiance and emitted thermal radiation over the spectral region from 8-13 μm. The 

top three layers, which were relatively thick, mainly contributed to the IR emissivity and the four 

thinner bottom layers served as a solar reflector. Outdoor experiments resulted in a temperature 

reduction of 5 ˚C below the ambient temperature with a net cooling power of approximately 40.1 

W·m-2 under the direct solar radiation. In another multilayered structure composed of SiO2/Si3N4 

layers, Ma et al. [66] designed a high-performance RC material structure which was highly 

reflective towards solar radiation and had a broadband emissivity within the atmospheric window. 

This photonic RC material structure displayed a temperature reduction of 8 ˚C under a hot and 

humid climate. Chae et al. [64] proposed and fabricated a multilayer structure comprised of Al2O3, 

Si3N4, and SiO2 deposited on Ag- and Cr-coated Si substrates. By adjusting the stacking sequence 

and thickness of the layers, this RC material structure showed an average emissivity of 87% in the 

8-13 μm spectral region. 

 

Patterned surfaces, or a combination of patterned surfaces and multilayer films, have also been 

developed for efficient diurnal RC [68][69][70][71][72][73][74]. For example, Hossain et al. [68] 

utilized an anisotropic and conical-shaped metamaterial structure to achieve a highly enhanced, 
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and broadband infrared (IR) emission, which is selectively spanned over the entire atmospheric 

window. This structure consists of an array of symmetrically shaped conical metamaterial pillars 

comprising alternating layers of aluminum (Al) and germanium (Ge) and showed a near blackbody 

emissivity in the atmospheric window. Zhang et al. [75] also designed a biologically inspired 

photonic structure consisting of a micropyramid-arrayed polymer matrix (PDMS) with random 

ceramic particles (e.g., Al2O3, TiO2, and ZnO). This 500-μm-thick bioinspired RC material 

structure with embedded Al2O3 nanoparticles reflected ∼95% of solar irradiance and exhibited an 

infrared emissivity of 96% with an effective cooling power of ∼90.8 W·m-2 and a temperature 

decrease of up to 5.1 ˚C under direct sunlight. 

 

2.3.4. Metamaterials  

Utilizing of metamaterials in RC has become feasible due to the vast development of technology 

in nanofabrication and detailed structures. Integrating metamaterials into RC material structures 

presents a promising avenue for enhancing the performance and efficiency in this technology. 

Metamaterials, engineered to exhibit unique electromagnetic properties not found in natural 

materials, offer unprecedented control over light-matter interactions, particularly in manipulating 

thermal radiation. By strategically designing metamaterial architectures at the micro and nano 

scales, it becomes feasible to tailor the emissivity and reflectivity properties of surfaces with 

precision. This capability enables the creation of surfaces that can effectively reflect sunlight while 

simultaneously emitting thermal radiation in the atmospheric transparency window, facilitating 

efficient passive cooling. Moreover, metamaterials can be designed to exhibit selective spectral 

properties, enabling them to emit thermal radiation at specific wavelengths while suppressing 

emission at others, thus optimizing the cooling process. Therefore, a variety of nanophotonic 

configurations, including but not limited to metal–dielectric multilayer conical pillar arrays [68], 

metal–dielectric multilayered nonconical column arrays [76], metal-loaded dielectric resonator 

metasurfaces [77], metal–dielectric–metal resonators [78][79][80], multilayered pyramidal 

nanostructures [71],[73] metafabric, and other metastructures [81][82][83], exhibit notable 

reflectivity across the solar spectrum and heightened emissivity within the atmospheric window. 

In a study proposed by Hossain et al. a highly efficient RC using a metal–dielectric multilayer 

conical metamaterial emitter. This emitter consists of an array of symmetrically shaped conical 
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metamaterial (CMM) pillars. CMM pillars are composed of 14 alternating layers of 30 nm thick 

of Al and 110 nm Ge, with gradually decreasing the diameters of the layers from bottom to top, 

on an Al film coated Si substrate. The designed emitter exhibits an excellent spectral selectivity in 

the wavelength range of 8 to 13 µm, with peak emission of 90%. However, the designed emitter 

needs to be integrated with solar reflective structures for daytime applications. In another study 

reported by Sun et al. [80] a metasurface based on Al-doped zinc oxide (AZO) transparent 

conducting oxides (TCOs) is designed and investigated. This sub-micrometer thicknessed 

metasurface is comprised of a stack of three layers including the metal back-reflector, the dielectric 

spacer layer, and the TCOs layer achieving a high absorption of electromagnetic radiation in the 

mid-infrared range resulting in a thermal emissivity of 79% and a solar absorptance of 16%. 

However, challenges regarding the broad applications of metamaterial-based structures in RC lies 

in optimizing the detailed design and complicated fabrication processes to achieve the desired 

spectral properties. Also, maintaining durability and stability of the metamaterial structures over 

time, especially in outdoor environments where they may be exposed to varying weather 

conditions and environmental stresses, is another constraint in utilizing this type of structures. 

 

2.3.5. Porous structures 

 Porous RC material structures demonstrate a promising path in the pursuit of passive thermal 

management solutions. These structures typically comprise networks of size-controlled voids and 

pores within a solid material, designed to offer efficient radiative heat exchange with the 

surrounding environment. By leveraging the principles of optimizing LWIR emission and solar 

irradiance reflection, porous RC material structures can effectively boost RC efficiency and hold 

immense potential in addressing the challenges in implementation of before-mentioned structures. 

This combination of properties enables porous RC material structures to achieve substantial 

cooling effects, even under direct sunlight and in warm ambient conditions. Moreover, their 

scalability, durability, cost efficiency, and compatibility with various materials make them suitable 

for diverse applications, ranging from building rooftops and urban heat island mitigation to 

electronics cooling and thermal comfort enhancement in clothing and textiles. Porous RC material 

structures can be constructed from a diversity of materials, including polymers, ceramics, metals, 
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and composites. The choice of material can influence factors such as mechanical strength, 

durability, and compatibility with specific applications. 

When polymers transitions from a dense solid structure to a porous one their physical and thermal 

properties change significantly. These changes directly impact performance in RC applications. 

The presence of nano- and micro-pores decreases the bulk material content per unit volume, as the 

pores are primarily filled with air. The effective specific heat capacity reduces because air has a 

much lower specific heat than the polymer. The density significantly decreases too as the pores 

replace portions of the solid material. It reduces the overall weight of the material, which is 

advantageous for lightweight RC systems. Also, porosity lowers thermal conductivity because air 

trapped in the pores has a much lower conductivity than the polymer. Lower thermal conductivity 

minimizes heat transfer through conduction, enhancing insulation properties and enabling the 

material to maintain a cooler surface temperature. However, porosity reduces mechanical strength 

due to the decrease in solid material content. While the material may become less robust, it is still 

suitable for RC applications where mechanical stresses are minimal. This can be mitigated by 

layering or reinforcing the material. 

In many studies polymeric structures have been designed in the form of porous configurations for 

daytime RC applications. For example, Mandal et al. [50] investigated hierarchically porous poly 

(vinylidene fluoride-co-hexafluoropropene) [P(VdF-HFP)] coatings for passive daytime RC. 

P(VdF-HFP) possesses a negligible extinction coefficient over the entire solar spectrum, and has 

multiple extinction peaks within the atmospheric window, over 8-13 μm, which makes it a suitable 

material for daytime RC applications. They utilized a phase inversion–based process to fabricate 

hierarchically porous polymer coatings. As this fabrication technique is done at room-temperature, 

and is solution based, the porous polymer coatings can be applied by conventional approaches 

such as painting which makes it a simple, scalable, and inexpensive passive cooling approach. It 

has been shown that P(VdF-HFP) with hierarchically porous structures comprising micro- and 

nano-pores with 50% porosity and 300 μm thickness have a high solar reflection of 0.96 and LWIR 

emissivity of 0.97. The high LWIR emissivity of their RC material structure is attributed to the 

open, porous surface and the effective optical properties of the nano pores in the hierarchically 

porous P(VdF-HFP) coatings. They declared that a combination of these two features resulted in 

a gradual transition of the refractive index across polymer-air boundaries, which increased the 

emissivity of the structure. Similarly, Wang et al. [52] reported on hierarchically porous PMMA 



21 

 

films with a micropore array combined with random nanopores for highly efficient day- and 

nighttime passive RC. In this study, they experimentally compared optical properties of their 

hierarchical porous structure with three other types of PMMA films: nanoporous PMMA, 

microporous PMMA and pristine PMMA. They concluded that the hierarchical porous film shows 

the highest average solar reflectance. This hierarchically porous PMMA structure, with 60% 

porosity and 160 μm thickness, exhibited a high solar reflection of 95% and an excellent LWIR 

emissivity of 98%. In another survey, Zhou et al. [84] investigated a nanoporous polymer matrix 

composite (PMC) as a RC material structure. In this study they developed a PMC structure 

comprising nanoporous PE as the polymer matrix and randomly distributed silicon dioxide (SiO2) 

particles as the fillers. PE is intrinsically transparent for both the solar and LWIR regions, and they 

made the PE reflective towards solar radiation by introducing air pores in nanoscale sizes inside 

the PE matrix to scatter incident sunlight. SiO2 particles were added to modify the LWIR 

emissivity of the composite. The resulting nanoporous PMC coating showed a high solar 

reflectance of 96.2% and infrared emissivity of 90%, resulting in a sub-ambient temperature drop 

of 6.1 ˚C and cooling power of 85 W.m-2 under direct sunlight. In a recent innovative study, a 

bilayer RC material structure comprising a bottom layer of hygroscopic hydrogel and a top layer 

of porous radiative polymer was designed by Feng et al. [85]. In this design, the bottom layer, a 

Li-PAAm hydrogel, dissipates heat through water evaporation at high temperature and restores 

itself by absorbing the surrounding moisture when the temperature decreases. The top layer, a 

porous P(VdF-HFP), reflects the solar irradiance while emitting LWIR radiation to outer space to 

achieve passive RC. When tested in an outdoor environment, a cooling power of ~150 W·m-2 and 

a sub-ambient temperature drop of ~7 ˚C under direct sunlight was achieved. 

Table 2.1 provides a summary of the optical properties and cooling performance of RC material 

structures reported in the literature. 

 

Table 2.1. Optical properties and cooling performance of some of RC material structures reported in 

literature. 

RC structure 

LWIR 

emissivity 

(%) 

Solar 

reflectivity 

(%) 

Temperature 

reduction 

(˚C) 

Cooling 

power 

(W·m-2) 

Measurement 

location 
Ref. 
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Seven alternating layers of hafnium oxide 

(HfO2) and SiO2 deposited on Al-coated Si 

wafer 

65 97 5 40.1 
California, 

U.S.A. 

Rama

n et 

al. [4] 

Randomly distributed SiO2 microparticles 

in a polymethylpentene (TPX) matrix 
93 97 ---- 93 

Cave Creek, 

Arizona 

Zhai 

et al. 

[81] 

8 μm PDMS triangular array deposited on 

Ag coated SiO2 substrate 
98 97 6.2 20 Hong Kong 

Jeong 

et al. 

[53] 

PDMS/SiO2 bilayer coated with Ag as a 

solar reflector 
92 97 8.2 127 

Pasadena, 

California 

Kou et 

al. 

[86] 

A hierarchically structured PE oxide 

(PEO) nanofibre-based film 
78 96 5 110 

Nanjing, 

China 

Li et 

al. 

[87] 

Hierarchically porous poly (vinylidene 

fluoride-co-hexafluoropropene) [P(VDF-

HFP)HP] coatings 

97 96 6 69 
Phoenix, 

Arizona 

Mand

al et 

al. 

[50] 

A hierarchically porous array PMMA 

film 
98 95 5.5 85 

Shanghai, 

China 

Wang 

et al. 

[52] 

A dual-layer of a polytetrafluoroethylene 

(PTFE) sheet on top of a silver film 
9 99 ---- ---- ---- 

Yang 

et al. 

[88] 

A hybrid membrane comprising 

nanoporous polyvinylidene 

fluoride/tetraethyl orthosilicate 

(PVDF/TEOS) fibers with SiO2 

microspheres across the surface 

96 97 6 61 
Shanghai, 

China 

Wang 

et al. 

[89] 

A multilayer structure of Al2O3, Si3N4, 

SiO2, Ag and Cr deposited on a Si 

substrate 

87 

5% solar 

absorptivit

y 

6.2 66 
Seoul, South 

Korea 

Chae 

et al. 

[64] 

Seven alternating layers of SiO2 and Si3N4 

on Ag-coated Si substrate 
75 97 8 87 Suzhou, China 

Ma et 

al. 

[66] 

A double-layered RC material structure of 

dipentaerythritol penta-hexa-acrylate 

(DPHA) with Al2O3 nanoparticles (NPs) 

on top and a metallic Ag bottom layer 

92 95 10 106 
Seoul, South 

Korea 

Liu et 

al. 

[90] 
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A hybrid coating of ZrO2/PDMS, zirconia 

(ZrO2) embedded polydimethylsiloxane 

(PDMS) 

92 94 10.9 895 
Yichang, 

China 

Zhang 

et al. 

[54] 

A thin silica layer coated on porous anodic 

aluminum oxide 
96 86 6.1 178 

Seoul, South 

Korea 

Lee et 

al. 

[91] 

A self-cleaning RC multilayer film 

consisting of a top layer of PDMS and 

SiO2 particles and a bottom layer of the 

PDMS and Al composite film 

93 - 2.1 59.04 

Shanghai 

Electric 

Power 

University 

Zhai 

et al. 

[92] 

Porous anodic aluminum oxide (AAO) 

membranes 
98 

5% solar 

absorptivit

y 

2.6 64 
Hangzhou, 

China 

Fu et 

al. 

[93] 

A bilayer film consisting of a bottom layer 

of Li-PAAm hydrogel and a top porous 

P(VdF-HFP) layer 

96 96 7 150 
Yinchuan, 

China 

Feng 

et al. 

[85] 

300 μm-thick films of cellulose (acetate) 

with a disordered network morphology 
95 93 7-8 70 

Barcelona, 

Spain 

Jarami

llo‐

Ferna

ndez 

et al. 

[94] 

a double-layer RC material structure with 

an upper layer of a fluorocarbon resin 

(FEVE) and a bottom layer of silver 

93 94 5 128 Tianjin, China 

Dong 

et al. 

[95] 

 

The bibliometric study presented in Figure 2.4 highlights the increasing global research interest in 

RC technologies. Figure 2.4 (a) demonstrates a steady growth in the number of published RC 

papers from 1948 to 2022, with a sharp rise in recent years, reflecting the growing demand for 

sustainable and energy-efficient cooling solutions in the context of climate change. Figure 2.4 (b) 

compares the focus of research on different RC configurations, including paints, photonic crystals 

and multilayered structures, and porous materials. The analysis reveals that porous materials have 

garnered the most attention due to their simplicity, cost-effectiveness, and scalability for large-

scale applications. In contrast, while photonic crystals and multilayered structures are valued for 

their advanced optical properties, their fabrication complexity and higher costs limit their 

widespread adoption. Paints, though simpler, are less studied compared to porous structures, 

further emphasizing the practical advantages of porous materials in RC research and development. 



24 

 

 

 

Figure 2.4.  Bibliometric study of (a) the published RC papers from 1947 to January 10, 2022; (b) 

Published research articles studying paints, photonic crystal and multilayered structures, and porous 

structures as RC configurations (Sources: www.webofscience.com and www.sciencedirect.com, 

Keywords: “Radiative cooling”, paints, photonic crystals, multilayered, porous). 

 

 

2.4.  Porous structure fabrication techniques  

A variety of fabrication techniques can be implemented for creation of porous structures. Herein, 

an array of methodologies is explored to illuminate their suitability for RC applications. These 

techniques include diverse approaches, each offering distinct advantages and challenges.  

 

2.4.1. Template-based method 

This method involves creating a porous structure by embedding a sacrificial template in the 

material matrix, which is later removed to leave behind a network of interconnected pores. 

Template-based methods are versatile and widely-used fabrication techniques for creating porous 

structures tailored for RC applications. These methods offer adaptable means to precisely control 

the porosity of the resulting films with precise pore sizes. 

In the Medium Embedding-Extracting template method, a media embedding approach can be 

utilized to manufacture porous films. This method typically involves embedding a specialized 

medium within the film matrix, followed by its subsequent extraction. The process requires mixing 

the matrix material with the inserted medium, coating the resulting mixture onto a substrate to 
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form a film, and subsequently extracting the embedded medium to leave behind pores within the 

film structure. Wang et al. [52] developed a hierarchically porous PMMA film by drop casting a 

200 nm SiO2 nanospheres-acetone-PMMA on a monolayer template consisting of close-packed 

microspheres of SiO2. After subtraction of the SiO2 template and nanospheres with 2-5 vol% 

hydrofluoric acid aqueous solution, a hierarchically porous PMMA can be obtained, resulting in a 

high solar reflectance of 95% and a superior infrared emittance of 98%. Yang et al. [96] utilized 

styrene-butadiene-styrene block copolymer (SBS) and styrene-ethylene-propylene-styrene block 

copolymer (SEPS) as the soluble polymeric template and inserted medium to prepare porous 

polypropylene (PP) film, which can be extracted using tetrahydrofuran. The resulting porous PP 

showed a high solar reflectance of 97% and thermal emissivity of 67%–81%. Zhang et al. [97] 

developed an ordered porous poly (methyl methacrylate) (PMMA) film using a sacrificial template 

method that resulted in a material with a combination of three-dimensional (3D) ordered 

micropores and highly interconnected nanopores. In this study, 3 μm SiO₂ microspheres were self-

assembled into a closely packed template using a horizontal deposition method and heat treatment. 

The PMMA-toluene solution was then infiltrated into the voids between the SiO₂ spheres, and after 

the toluene evaporated, the template was removed using hydrofluoric acid, creating an inverse opal 

PMMA (IO-PMMA) structure with ordered porous features. The heat treatment time was crucial, 

as extended heating (over 24 hours at 200 ˚C) allowed the microspheres to form tightly packed, 

interconnected pores. This ordered porous structure significantly enhanced the material’s optical 

and thermal properties for RC. This method allowed for precise control over the film's porosity, 

leading to a structure with enhanced optical and thermal properties. It exhibited a prominent solar 

reflectance of 94%, long-wave infrared LWIR thermal emissivity of 95%, and low thermal 

conductivity of 0.044 W∙m–1∙K–1). 

2.4.2. Electrospinning method 

The electrospinning method involves applying a high-voltage electrostatic field on a polymer 

solution to produce nanofibers with a large specific surface area and highly porous structures with 

diameters ranging from nanometers to micrometers. In this method an electrostatic field is utilized 

to offer fine-tuned control over fiber dimensions and shapes by optimizing parameters and utilizing 

specialized spinnerets and collectors. Typically, this procedure employs a simple setup comprising 

four primary components of a high-voltage power source, a syringe pump, a spinneret, and a fiber 

collector. In this method, a polymer is dissolved in a highly volatile solvent and dispensed from a 
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syringe at a consistent or adjustable rate via the syringe pump. Under the influence of the applied 

electrostatic force, a separation of positive and negative charges occurs within the liquid. Charges 

of the same polarity as the needle's charge migrate towards its surface, leading to the formation of 

a charged polymer droplet at the tip of the needle [98]. Electrospinning produces ultrafine fibers 

(micrometers to nanometers) with film structures influenced by material factors (viscosity, 

concentration, conductivity, surface tension), environmental factors (temperature, humidity), and 

process factors (applied voltage, feeding rate, tip-to-collector distance) [99]. 

Zhang et al. [100] developed a hierarchically hollow-microfibrous cooling structure based on 

PVDF and poly(vinyl alcohol) (PVA) using a scalable, coaxial electrospinning method. The 

prepared porous cooling fibers exhibited a high solar reflection of 94% and a mid-infrared 

emission of 94%. Kim et al. [101] introduced electrospun polyacrylonitrile (PAN) nanofibers 

featuring spherical, ellipsoidal, and cylindrical morphologies as IR transparent films to be 

integrated with LWIR emitters. The porous films showed a solar reflectance of 95% and a high 

infrared transmittance of about 70%. Zhang et al. [102] employed electrospinning to create a RC 

fabric made of PVDF-HFP nanofibers and SiO2 nanoparticles. The resulting fabric demonstrated 

high solar reflectivity of 97% and strong emissivity of 94% within the atmospheric window, 

making it highly effective for passive cooling applications. 

 

2.4.3. Gas foaming method 

Gas dissolution foaming, particularly using carbon dioxide, is one of the promising techniques to 

foam polymers. CO2 is an exceptional choice of gas for this technique because of its outstanding 

diffusion characteristics in the supercritical state of 31 ˚C and 7.3 MPa. Additionally, CO2 can be 

diffused out of the polymer without leaving any residues or pollutants. The CO2-based dissolution 

foaming process includes three stages of saturation, depressurization, and foaming. In the 

saturation stage, a sample is introduced in a pressure vessel at specific conditions of pressure and 

temperature. At the specific conditions of pressure and temperature, CO2 diffuses into the sample 

and is dissolved. The amount of gas dissolved depends on the type of the polymer, temperature, 

and pressure of the gas. While dissolving CO2 into the polymer, the polymer is plasticized and its 

glass transition temperature (𝑻𝒈) drops, which is known as effective (𝑻𝒈 ((𝑻𝒈,𝒆𝒇𝒇). After saturating 

the polymer with CO2, the pressure is released, and the sample is supersaturated; that is, the amount 

of gas dissolved into the polymer is much higher than the equilibrium concentration at room 
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temperature and pressure conditions. The third stage is when foaming takes place. If the saturation 

temperature is higher than 𝑻𝒈,𝒆𝒇𝒇 the polymer is in a rubbery state with low viscosity, and therefore 

the foaming process occurs during the depressurization. This process is called one-step gas 

dissolution foaming. Otherwise, foaming is performed by heating the sample in a thermal bath at 

a temperature above 𝑻𝒈,𝒆𝒇𝒇. This process is called two-step gas dissolution foaming [103][104].  

Zhao et al. [105] for the first-time created micro and nano-layered alternating structures consisting 

of poly(carbonate) (PC) and PMMA utilizing a gas foaming technique with CO2 as a blowing 

agent. By foaming samples ranging from 1 to 513 layers at 20 MPa and temperatures between 

70˚C and 150˚C they could achieve a high solar radiation reflection of 93.5% and strong infrared 

emissivity of 91.2% in the atmospheric transparent window.  

 

2.4.4. Phase inversion method 

Throughout the phase inversion process, a polymer solution undergoes a controlled transition from 

liquid to solid, achieving thermodynamic stability. This transformation involves a phenomenon 

known as liquid-liquid demixing, wherein the solution segregates into regions of differing polymer 

concentration. Over time, one phase becomes enriched with polymer content and initiates 

solidification through processes like gelation, vitrification, or crystallization. Simultaneously, the 

phase with lower polymer concentration creates pores within the solidified material, while the 

polymer-enriched phase forms the solid membrane matrix. Various conditions of introduction of 

demixing can be applied including [106]:  

i.  Immersion precipitation (non-solvent induced phase separation - NIPS): achieved by 

immersing the solution in a nonsolvent bath. The polymer solution is cast onto a 

substrate and then immersed in a nonsolvent bath, causing the solvent to diffuse out of 

the polymer matrix and the nonsolvent to diffuse into the matrix. This diffusion triggers 

phase separation, forming a porous material structure. Factors affecting this process 

include the solvent-nonsolvent interaction, polymer concentration, and temperature of 

the nonsolvent bath. 

ii. Vapor-induced phase separation (VIPS): The polymer film is exposed to a vapor phase 

that induces phase separation. The vapor, often water or alcohol, diffuses into the 

polymer solution, causing the solvent to evaporate and phase separation to occur. 
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i. Thermally-induced phase separation (TIPS): In this process, the polymer solution is 

cooled to induce phase separation. Initially, the polymer is dissolved at high 

temperatures, and upon cooling, phase separation occurs, forming a solid matrix with 

pores. The cooling rate and polymer-solvent system strongly affect pore formation and 

structure. 

ii. Evaporation-induced phase separation (EIPS): Phase inversion occurs due to solvent 

evaporation from the polymer solution, which causes the solution to become 

thermodynamically unstable, leading to phase separation. Factors like evaporation rate, 

ambient temperature, and humidity are critical to controlling the morphology and 

porosity. 

 

2.4.4.1. Factors affecting phase inversion: understanding key parameters 

Generally, the speed at which the solvent diffuses out of a cast film and the nonsolvent diffuses 

into the film from the coagulation bath controls the size of pores and the overall porosity of a 

membrane. These rates of diffusion are modifiable by adjusting the composition of the casting 

solution, casting parameters, and/or precipitation conditions. There a many experimental factors 

influencing the final morphology and the performance of the radiative coolers fabricated via phase 

inversion method including composition of the casting solution (such as polymer concentration 

and molecular weight, the type of solvent and nonsolvent, the ratio of solvent, nonsolvent, and 

polymer), the type of the substrate material (glass, polymer, and metal), the thickness of the cast 

polymer film, the speed of casting, temperature of casting, controlled air flow, the time and 

temperature of the evaporation prior to immersion, relative humidity while casting and during the 

applied evaporation time.  

 

2.4.4.1.1. Solvent and nonsolvent selection 

The choice of solvent/nonsolvent system in the phase inversion method has a substantial influence 

on porous structure morphology, mechanical properties, interfacial characteristics, and separation 

performance. The porosity of membranes can vary depending on the affinity between the solvent 

and nonsolvent, resulting in the formation of either more porous or denser porous materials. The 

polymer must be soluble or easily dispersible in the chosen solvent, and the solvent and nonsolvent 

must be miscible. The interaction between the solvent, nonsolvent, and polymer greatly affects the 
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rate of phase separation. A strong affinity between the solvent and nonsolvent leads to rapid 

exchange, causing fast phase separation and the formation of larger pores. Poor solvent-nonsolvent 

miscibility results in slower phase separation, which produces smaller pores and reduced porosity. 

 

2.4.4.1.2. Temperature 

Temperature influences the viscosity of the casting solution, which in turn impacts the exchange 

rate of solvent and nonsolvent during phase inversion. Temperature in fact affects the diffusion 

rates of the solvent and nonsolvent, as well as the polymer’s solubility. Higher temperatures 

generally speed up the phase inversion process, promoting the formation of larger pores because 

the solvent diffuses out more quickly. Lower temperatures slow down the process, producing 

smaller pores and a denser polymer matrix.  

 

2.4.4.1.3. Immersion time (mostly applied to NIPS) 

The immersion time in the nonsolvent bath controls the rate of solvent exchange. A longer 

immersion time typically results in larger, more interconnected pores and higher overall porosity 

due to extended diffusion of the nonsolvent into the polymer film. A shorter immersion time 

produces smaller pores and a denser membrane, as the polymer solution has less time to phase-

separate before solidifying. Long immersion times favor the formation of macrovoids and finger-

like pores, while shorter times lead to a more homogeneous and compact morphology. 

 

2.4.4.1.4. Solvent evaporation (mostly applied to EIPS) 

The rate of solvent evaporation plays a critical role in pore formation. Fast evaporation leaves less 

time for phase separation, resulting in a denser membrane with smaller pores. Slow evaporation 

allows more phase separation, resulting in larger pores and greater porosity. Rapid solvent 

evaporation tends to create dense, skin-like layers on the surface, which can lead to asymmetric 

structures. Slow evaporation, on the other hand, promotes more uniform pore formation throughout 

the membrane, leading to symmetric and sponge-like morphologies. 

 

2.4.4.1.5. Additives 

Additives such as surfactants, plasticizers, or pore-forming agents can modify the pore size and 

distribution. For example, surfactants can reduce surface tension, leading to larger and more 
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uniform pores. Pore-forming agents that dissolve in the nonsolvent create additional porosity by 

leaving voids once they are removed. Additives can alter the final membrane structure by 

modifying the phase separation dynamics. Surfactants can enhance the formation of interconnected 

pore networks, while plasticizers can soften the polymer matrix and lead to more flexible, porous 

structures. 

 

2.4.4.1.6. Environmental factors (temperature and humidity in EIPS or VIPS) 

Environmental factors such as ambient temperature and humidity can influence the evaporation 

rate of the solvent. High humidity can slow down evaporation, leading to larger pores and higher 

porosity, while low humidity can speed up the process, resulting in smaller pores. Similarly, higher 

ambient temperatures increase solvent evaporation, leading to smaller pores, while cooler 

environments slow the evaporation process and promote larger pore formation. High humidity 

environments often result in membranes with thicker skin layers and dense structures due to slower 

evaporation. Low humidity accelerates evaporation, leading to more open, porous morphologies. 

 

2.4.4.1.7. Polymer-solvent interaction parameters 

The thermodynamic interaction between the polymer and solvent, controls the miscibility of the 

polymer in the solvent. Strong polymer-solvent interactions result in delayed phase separation, 

leading to smaller pores, while weak interactions cause faster demixing and the formation of larger 

pores. A well-balanced polymer-solvent interaction results in more homogeneous phase 

separation, while a poor interaction leads to asymmetric membranes with dense top layers and 

larger pores in the bulk. 

 

2.4.4.1.8. Polymer concentration 

The polymer type and structure play a crucial role in influencing structure hydrophilicity, and the 

thermal and chemical stability of the it. The polymer concentration also stands as one of the most 

thoroughly influential parameters. Typically, increasing the initial polymer concentration in the 

casting solution leads to the formation of membranes with thicker and denser skin-layers matrix 

with smaller pores and lower porosity. This effect arises from the higher polymer concentration at 

the polymer/nonsolvent interface, which causes an increased viscosity of the casting solution, 

thereby slowing down the out-diffusion of solvent. As the polymer solution becomes more 
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concentrated, phase separation is less pronounced, leading to tighter packing of polymer chains 

and fewer voids. In contrast, lower polymer concentrations promote the formation of larger pores 

with higher porosity because there is more solvent relative to polymer, allowing for greater solvent 

removal and pore formation [107][106][108][109][110].  

 

2.5. Radiative cooling applications in buildings 

The RC method, with its outstanding passive cooling potential, can greatly contribute to energy-

efficiency in buildings. This section presents the integration of RC technologies into building 

cooling systems. Figure 2.7 of this section also provides a bibliometric analysis of the number of 

papers published on different applications of RC from 1990 to January 10, 2022. The dominance 

of hybrid RC research suggests that combining RC with other systems is seen as a promising 

approach to overcoming limitations of standalone RC technologies. 

 

2.5.1. Air- and water-based cooling systems 

In air-based cooling systems that consist of a thermal radiator, the cooled air is either circulated 

artificially by a fan or by a natural process due to the buoyancy effect (Figure 2.5 (a)). That is, in 

these systems air is used as the heat exchange media that is directly heated by the interior 

environment and cooled by the thermal radiator. Similarly, in water-based cooling systems, water 

is utilized as a medium to transfer heat (Figure 2.5 (b)). These systems normally consist of a 

thermal radiator, insulated water tank, heat exchanger, and water pump. Water is cooled by the 

thermal radiator at night and then stored in an insulated water tank. During the day the cooled 

water is circulated with the help of a water pump through the heat exchanger to provide space 

cooling [2]. 
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Figure 2.5. A schematic demonstration of (a) an air-based cooling system (b) a water-based cooling 

system reported in [2]. 

 

2.5.2. Integrated cooling systems 

RC can also be integrated with a variety of energy-related systems such as solar collectors [111], 

photovoltaics, thermophotovoltaics, and air-conditioners [112]. One of the most promising 

applications of RC modules is to integrate them with air-conditioning systems to enhance their 

operating efficiency. To date, different studies based on integration of either nocturnal or diurnal 

RC material structures with HVAC or other cooling systems have been performed. In these hybrid 

systems, chilled water provided by a radiative cooler is utilized for the cooling coils in an air-

conditioning system to enhance the system efficiency [2]. Jeong et al. [113] reported a design of 

integrated RC-HVAC system comprising two types of cooling coils of conventional and RC-

supplied. In this proposed cooling design, conventional chiller systems used in the refrigeration 

cycle are replaced by an RC material structure.  The proposed cooling system can provide a 

potential saving in energy consumption of 35% by assisting the conventional space cooling system.  

In another study on RC-assisted HVAC systems, Zhang et al. [6] added a cold-water storage tank 

to stock cooling energy from a RC. Furthermore, nocturnal radiative coolers can also be combined 

with evaporative cooling systems to provide pre-cooling and strengthen systematic cooling 

efficiencies as shown in Figure 2.6. In this design, the radiative cooler produces cold water during 

the night and during the daytime the cold-water flows through the cooling coils to precool the hot 

outdoor air before going through a direct evaporative cooling procedure [3].  
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Figure 2.6. A schematic illustration of an evaporative cooling system integrated with RC module reported 

in [3]. 

 

2.5.3. Cool roofs 

The cool roof is the most direct and mature application of RC technology which is directly applied 

as the building roof. During the hot months, the cooling load of a building can be substantially 

reduced using cool roofs that can reflect most of the incident solar radiation, while having thermal 

emittance [11]. Many studies have evaluated buildings cooling energy savings using solar 

reflectivity of cool roofs [114][115][116][117][118][119][120]. Romeo and Zinzi [116] evaluated 

the benefits of a cool roof application with solar reflectance of 86% and thermal emittance of 88% 

on the energy and comfort performance in a non-residential building with a 700 m2 roof in Trapani, 

Sicily. A roof surface temperature reduction of up to 20 ˚C was obtained. Zhang et al. [115] 

predicted the performance of cool roofs in tropical regions of Singapore using the Complex Finite 

Fourier Transform method and validated their results by a field experiment on residential roofs in 

Singapore. Based on the predictions, they also studied the cost-efficiency of implementing cool 

paint and roof ventilation on concrete roofs using life cycle analysis of cool roofs and reported 

annual cooling energy savings of 33-57 USD·m-2. The payback periods were obtained to be less 

than 6 or 2 months for the roofs with or without ventilation. Developing an improved Roof 

Thermal Transfer Value model, Fang et al. [12] evaluated a metamaterial film-based cool roof. 

They showed the metamaterial RC material structure named RadiCold could dissipate about 

137.6–268.7 kWh·m-2·yr-1 of heat from the buildings to the outdoor environment. In contrast, 

buildings with shingle and Thermoplastic Polyolefin cool roof exhibited lower cooling load 

reduction. Integrated with an air conditioning system with COP of 3, the RadiCold module would 

further save the cooling electricity by more than 88 kWh·m-2·yr-1 due to its cooling load reduction. 
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Figure 2.7. Bibliometric study of the number of published papers studying different RC applications from 

1990 to January 10, 2022 (Source: www.sciencedirect.com, Keywords: “Radiative cooling”, Air-based, 

Water-based, HVAC, Hybrid). 

 

2.6. Energy savings and cost analysis 

In this section, the energy and cost savings achieved when using some of the proposed RC material 

structures are presented.   

 

2.6.1. An integrated photonic solar reflector and thermal radiator system 

Here, an energy saving assessment provided by Raman et al. [4] based on their design of a photonic 

RC material structure is presented. Figure 2.8 shows their photonic radiative cooler which consists 

of seven alternating layers of hafnium dioxide (HfO2) and silicon dioxide (SiO2) of varying 

thicknesses, on top of a 200 nm layer of silver (Ag), deposited on top of a 200-mm silicon wafer. 
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Figure 2.8. A schematic of the radiative cooler structure comprised of alternating layers of SiO2 and 

HfO2 designed by Raman et al. [4]. 

 

In this energy savings assessment, it is considered that the roof of a typical commercial building 

is covered by the proposed photonic RC material structure. It is also assumed that while a part of 

the heat load is transferred to the RC module on the roof, an air conditioning (HVAC) system is 

used to ensure the cooling requirements are met. In this work, EnergyPlus software is used to 

perform simulations to determine the cooling load on an hourly basis over a year in Phoenix, 

Arizona, USA for a three-story medium-sized commercial benchmark building with a rooftop area 

of 1,600 m2. The interior temperature of the building is assumed to be maintained at 𝑇𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 = 24 

˚C at all hours. An air-conditioning system with a coefficient of performance (COP) of 2.8 is 

assumed to provide cooling for the remaining heat load. Their results for saving energy on a 

monthly basis by using the proposed RC module are provided in Table 2.2.  Utilization of the RC 

module resulted in an estimated annual electricity savings of about 1.185 × 105 kWh. 

 

Table 2.2. Energy saved by using a RC module to reduce the cooling load in a building in Phoenix, 

Arizona [4]. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Electricity 

saved 

(kWh) 

2853 4439 8073 10487 11853 13975 15365 15756 13292 11341 7609 3121 

 

Raman et al. [4] also performed a cost analysis to roughly estimate the monetary value of the 

energy savings achieved using a photonic RC module. It was estimated that the RC module had a 

twenty-year lifespan, and the following assumptions were made: the cost of grid electricity is $0.10 



36 

 

kWh-1, the fixed operating costs are $0.8 m-2, the discount rate is 5%, and the installed costs ranged 

between $20 m-2 and $70 m-2. Under these assumptions the cost of the energy saved ranges from 

$0.03 kWh-1 to $0.09 kWh-1. This rough cost analysis suggests that RC technologies can provide 

an economical solution for providing building cooling with minimal environmental impacts. 

 

2.6.2. A hybrid radiative cooler and HVAC system for single-family houses in the USA 

Recently, Zhang et al. [6] proposed a hybrid Radiative-Cooled Cold storage cooling (RadiColdhc) 

system for single family houses. The RadiColdhc system includes two major components of: 1) a 

cold energy collector subsystem (i.e., RadiCold modules, Figure 2.9) laminated with an RC 

material structure (a glass-polymer metamaterial coated with silver with a cooling power of 

110 W·m-2), and 2) a reduced-size split air conditioner (RSAC) to provide complimentary cooling 

capacity.  

 

 

Figure 2.9. A schematic of the RadiCold subsystem used in [6]: (a) explored view and (b) exterior view. 

Reproduced with permission. Copyright 2018, Elsevier. A schematic of the RadiCold subsystem used in 

[6]: (a) explored view and (b) exterior view. Reproduced with permission. Copyright 2018, Elsevier. 

 

In this work, for evaluation of the performance of the RadiColdhc system, a typical two-floor 

single-family house, with floor area of 204 m2 and roof area of 118 m2 is modeled. The parallel 

water channels inside the RadiCold module are assumed to be made of polycarbonate. The 

dimension of the RadiCold module is assumed to be 1.0 m2 (1.0 m ×1.0 m) with an average cooling 

capacity of approximately 0.1 kW. The interior temperature is maintained at 24 ˚C. The simple 

payback period (SPP) is calculated using the following equation: 
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𝑆𝑃𝑃 =  
𝐶𝑅𝑎𝑑𝑖 + 𝐶𝑅𝑆𝐴𝐶 − 𝐶𝑆𝐴𝐶𝐿

(𝐸𝑆𝐴𝐶𝐿 − 𝐸𝑅𝑎𝑑𝑖ℎ𝑐
)𝑃𝐸

 (2.1) 

 

where CRadi is the cost of the RadiCold subsystem, which includes the cost of RadiCold module, 

pump, tank (1.3 m3 for 26 RadiCold modules), cooling coil, and pipe network; CRSAC is the cost of 

RSAC in their hybrid system; CSACL is the cost of the split air conditioner lonely (SACL), working 

without any support from the RC module; ESACL is the annual cooling electricity consumption of 

the SACL system; ERadi-hc is the annual cooling electricity consumption of the hybrid RC system; 

and PE is the electricity price. It follows that “CRadi + CRSAC” is the total cost of the hybrid RC 

system and “CSACL” indicates the total cost of a typical air conditioning system in single-family 

houses. Therefore, “CRadi + CRSAC - CSACL” in the numerator of the equation is the incremental cost 

of the RadiColdhc system compared to the SACL case. The SPP was determined based on the 

cooling performance of their hybrid system in Orlando using EnergyPlus software for differing 

numbers of RadiCold modules. The cost of the RadiCold module in this work is comprised of the 

cost of the radiative film and the polycarbonate panel which is generally estimated to be $25 m-2. 

The cost of the major components in the RadiColdhc system are listed in Table 2.3. The electricity 

price is considered to be $0.12 kWh-1 for Orlando. The calculated results revealed that using 26 

RadiCold modules with an area of 1.0 m2 results in a SPP of about 8 years. 

 

Table 2.3. Cost of the major components in the RadiColdhc system, other than the RadiCold module [6]. 

Component Tank Pipe network Plastics pump Cooling coil 
Split air 

conditioner 

Average cost $134 m-3 $2.5 m-1 $1.7 W-1 $83.2 kW-1 $404.5 kW-1 

 

 

2.6.3. An integrated system using a photonic RC for cooling an office building 

Wang et al. [5] developed a system to integrate a one-dimensional photonic RC material structure 

(which was presented in ref Wang et al. [5] developed a system to integrate a one-dimensional 

photonic RC material structure (which was presented in ref [4] and briefly described in section 5.1 

of this paper) into a medium-sized office building with a total floor area of 5000 m2 and evaluated 

its energy saving performance. In this study it was assumed that 60% of the roof area of the 

building is adopted for the RC modules. This photonic-based RC system comprises two hydronic 



38 

 

loops of a water-based RC loop and a space-cooling loop. Water is circulated through the RC loop 

installed in the roof by means of a pump before being stored in a tank (Figure 2.10). The second 

loop, which is the space-cooling loop, uses the cold water in the storage tank and a supplementary 

chiller to provide cooling to radiant slab surfaces.  

 

Figure 2.10. A schematic of the RC integrated-cooling system proposed in [5].. A schematic of the RC 

integrated-cooling system proposed in [5]. 

 

Simulation results demonstrated that the photonic RC system saved between 45% and 68% of the 

electricity required for cooling when compared to a variable-air-volume (VAV) system and 

between 9% and 23% relative to a nocturnal RC system. 

 

2.7. Radiative cooling limitations 

RC surfaces can face several practical limitations that may hinder their performance and long-term 

durability. These include environmental factors, material aging, and the interaction of the material 

with external conditions such as dust accumulation, atmospheric particulates, UV exposure, and 

moisture. Below is a detailed discussion of these challenges and potential mitigation strategies: 

2.7.1. Dust Accumulation and Atmospheric Particulates 

Dust and particulate matter accumulating on RC surfaces can significantly reduce their optical 

performance by diminishing solar reflectance and LWIR emissivity. This issue is particularly 

severe in densely populated regions with high levels of air pollution. Hydrophobic or 
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superhydrophobic self cleaning coatings can prevent dust adherence and facilitate easy cleaning 

by rain or manual washing. Surfaces engineered with nanostructures can also reduce the adherence 

of dust and particles. 

 

2.7.2. Material Aging and Texture Degradation 

Over time, RC materials may experience changes in texture or optical properties due to 

environmental exposure, including UV radiation, temperature fluctuations, and chemical 

reactions. Materials with excellent UV resistance and long-term durability can be chosen to 

mitigate this problem. Transparent, UV-resistant coatings can also shield the RC material from 

direct exposure, preserving its properties over time. 

 

2.7.3. Hydrophobicity and Interaction with Water 

Exposure to water may alter the material's optical properties, especially if the material is 

hydrophilic and absorbs moisture. This can lead to swelling, reduced emissivity, or optical 

degradation. Using hydrophobic materials ensures minimal water absorption and maintains 

performance even in humid or wet environments. 
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Chapter 3  

3. Environnemental implications of RC technologies 

3.1. Introduction 

Global warming continues to increase and is causing a rapid rise in energy demands for cooling 

[121]. According to the International Energy Agency (IEA), the global energy demand from air 

conditioning systems is estimated to triple by 2050, which will further contribute to global 

warming [122] considering the significant amounts of greenhouse gases they emit 

[9][123][123][8]. According to the International Panel on Climate Change (IPPC), global warming 

due to human activities has caused Earth’s temperature to increase by about 1 °C as compared to 

pre-industrial levels. If the current rate of increase continues,  Earth’s temperature is likely to 

increase by 1.5°C between 2030 and 2050 due to global warming [124]. The Earth's temperature 

is influenced by a complex exchange of radiant energy, wherein the atmosphere and surface absorb 

incoming solar radiation and emits thermal radiation in the infrared spectrum to outer space. The 

increasing severity of climate change has brought the concept of radiative forcing (RF) to the 

forefront of environmental science. RF, which measures the change in energy balance in the Earth's 

atmosphere, has been a critical indicator of how human activities are driving global warming. 

According to recent scientific reports, the rise in RF is directly linked to significant alterations in 

the Earth's climate, leading to more frequent extreme weather events, rising sea levels, and 
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disruptions to ecosystems. RF, measured in W·m-2, represents the difference between incoming 

and outgoing radiant energy. Ramaswamy et al. [125] defined RF as “the change in net (down 

minus up) irradiance (solar plus longwave; in W·m-2) at the tropopause after allowing for 

stratospheric temperature to readjust to radiative equilibrium, but with surface and tropospheric 

temperatures and state held fixed at the unperturbed values”. RF increases when atmospheric 

greenhouse gases absorb outgoing radiation, leading to higher climatic temperatures [126][127].  

The Paris Agreement, adopted in 2015 and coming into force in 2016, is a legally obligatory 

international agreement intended to combat climate change. Its main objective is to limit global 

temperature increases to well below 2 °C above pre-industrial levels, while pursuing efforts to 

limit the increase to 1.5 °C. The agreement encompasses various measures including cutting global 

greenhouse gas emissions, promoting adaptation, and enhancing transparency and support 

mechanisms for climate action [128]. Eliminating emissions and removing carbon dioxide from 

the atmosphere, collectively referred to as 'mitigation,' along with reducing damage by adapting to 

climate risks and impacts, are currently recognized strategies for combating global warming and 

its effects. Climate change mitigation strategies can be broadly categorized into two approaches: 

emission reduction and geoengineering. Emission reduction focuses on minimizing the release of 

greenhouse gases, primarily through renewable energy adoption, energy efficiency improvements, 

and reforestation efforts. These methods aim to tackle the root cause of climate change by reducing 

the concentration of greenhouse gases in the atmosphere. Conventional mitigation efforts focus on 

decarbonization strategies that reduce CO2 emissions, such as using renewable energy, fuel 

switching, efficiency improvements, and nuclear power. On the other hand, geoengineering 

strategies directly intervene in the Earth’s climate system to counteract the effects of climate 

change. In geoengineering approaches such as Solar Radiation Management (SRM), which is also 

known as solar engineering, a portion of the Sun's energy is reflected back into space. Techniques 

in this category used to manage RF include stratospheric aerosol injection, marine cloud 

brightening, cirrus cloud thinning, space-based mirrors, surface-based brightening, and various 

other radiation management strategies [129][130][131][132]. Despite the help of SRM in 

mitigating the climate risk and minimizing ecosystem degradation, it does not tackle the 

underlying causes of global warming, nor does it fully reverse all the climate changes induced by 

greenhouse gases. This means that if SRM efforts were to cease, temperatures could rapidly 

rebound, potentially causing more harm [130]. Carbon Dioxide Removal (CDR) is another 
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geoengineering strategy that refers to any practice that includes removing and restoring CO2. It is 

proposed for CO2 to be captured directly from the atmosphere using negative emissions 

technologies (NETs) or carbon dioxide removal methods. These methods include bioenergy with 

carbon capture and storage (BECCS), biochar production, enhanced weathering, direct air capture, 

ocean fertilization, ocean alkalinity enhancement, soil carbon sequestration, afforestation and 

reforestation, wetland restoration, mineral carbonation, and using biomass in construction 

[131][132]. However, while CDR technologies like direct air capture are theoretically scalable, the 

infrastructure required to remove significant amounts of CO2 from the atmosphere is immense and 

costly. Current CDR methods are expensive and scaling them to the necessary level may not be 

economically feasible in the short term. Similar to SRM, there is a concern that the prospect of 

CDR could lead to complacency in reducing emissions. Policymakers and industries might rely 

too heavily on future CDR technologies rather than implementing immediate emission reductions. 

Therefore, despite these mitigation efforts, global warming due to increasing RF levels remains a 

significant and pressing challenge. Furthermore, global warming rates are expected to increase as 

global energy consumption and emissions continue to rise. For example, the International Energy 

Agency (IEA) projects the global energy demand for air conditioning systems will triple by 2050, 

significantly contributing to global warming due to the substantial greenhouse gas emissions these 

systems produce [122][9][123][123][8].  

In recent years, RC has emerged as a promising geoengineering approach. Unlike SRM and CDR, 

RC leverages the natural ability to emit infrared radiation into space, cooling surfaces passively 

and without additional energy input. Advanced materials designed for RC can reflect solar 

radiation while efficiently emitting thermal radiation, potentially mitigating the warming effects 

associated with RF. That is, RC technology cools terrestrial objects by emitting radiation to outer 

space over a spectral region where the atmosphere is highly transparent (from ~8 to 13 μm). This 

process can be implemented on a large scale as a geoengineering method to alleviate global 

warming while reducing energy consumption and emissions associated with cooling loads 

[12][13][14][15][16][28][27]. RC technology addresses global warming through two key 

mechanisms: (1) as a passive cooling method, it conserves electricity by lowering the cooling load 

in buildings, which indirectly reduces CO2 emissions from electricity production, and (2) by 

enhancing the radiative heat flow from Earth to outer space, thereby decreasing radiative forcing 
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(RF) and potentially achieving negative RF [28]. Despite its potential, the environmental 

implications and life cycle assessment (LCA) of RC have not been thoroughly investigated. 

RC technology reduces the cooling load in buildings by radiating heat into space through infrared 

radiation, thereby decreasing electricity consumption and its associated CO2 emissions. 

Kolokotroni et al. [133] demonstrated the potential for RC to mitigate global warming by studying 

the benefits of installing RC roofs on single-story houses in Jamaica, Ghana, and Brazil. The cool 

paint used in the study had a solar reflectance of 82% and a thermal emittance of 90%. The cooling 

load required to maintain a constant temperature of 24 ˚C was simulated both with and without the 

use of RC roofs. The results showed significant energy savings: 188 kWh·m⁻²·yr⁻¹ in Jamaica, 191 

kWh·m⁻²·yr⁻¹ in Ghana, and 195 kWh·m⁻²·yr⁻¹ in Brazil. The study also calculated the potential 

reduction in CO2 emissions, assuming a Coefficient of Performance (COP) of 3 for air-

conditioning systems. The CO2 emissions reductions were estimated based on local electricity 

production emissions factors: 0.2147 kg CO2·kWh⁻¹ for Ghana, 0.7961 kg CO2·kWh⁻¹ for Jamaica, 

and 0.0926 kg CO2·kWh⁻¹ for Brazil [134]. The calculated CO2 savings were 13.5 kg CO2·m⁻²·yr⁻¹ 

in Ghana, 50 kg CO2·m⁻²·yr⁻¹ in Jamaica, and 6 kg CO2·m⁻²·yr⁻¹ in Brazil. Despite the similar 

energy savings across the countries, Jamaica showed the greatest environmental benefit due to its 

higher CO2 emissions from electricity generation. This study highlights the significant potential of 

RC in reducing energy consumption and CO2 emissions, particularly in regions with high 

electricity-related emissions. 

This chapter explores the LCA methods used to evaluate the environmental impact, sustainability, 

and feasibility of RC in comparison to other common materials. This chapter specifically compares 

RC materials from studies by Pirvaram et al. [135] (Sample 1-8-1.25; a detailed description of the 

preparation and characterization of this sample is provided in Chapter 5), Wang et al. [52], and Li 

et al. [87], alongside common construction materials like white cement paste, road asphalt, 

concrete, and grey cement. Also, common roofing materials, including roofing shingle, ceramic 

roofing tile, and PVC roofing material, as well as natural surfaces like forests and oceans are 

analyzed. To further contextualize of this work’s analysis, idealized cases such as perfect RC, 

perfect reflector, and blackbody are referenced. This study investigates the impact of covering 1% 

of the Earth's surface with the materials provided in Table 3.2. This investigation aims to determine 

the effect of such replacements on the terrestrial RF balance. By substituting portions of the Earth's 
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surface with specified materials with the provided 𝑅̅𝑠𝑜𝑙𝑎𝑟 and 𝜀𝐿̅𝑊𝐼𝑅 values in Table 3.2, this chapter 

seeks to elucidate potential alterations in the radiative balance and assess the implications for 

global warming. This investigation contributes to a deeper understanding of how surface 

modifications may influence radiative forcing, thereby informing discussions surrounding climate 

mitigation strategies and land use planning.  By analyzing these strategies, it is aimed to provide a 

comprehensive overview of their potential role in mitigating climate change and reducing RF on 

a global scale. 

 

3.2. Methods  

3.2.1. Determining the net cooling power and radiative forcing  

The net cooling power, Pnet cooling , is a critical metric for evaluating the performance of RC 

materials and systems. It is determined by the balance between the cooling power provided by 

thermal radiation and the heat gains from solar absorption, and convection. The net cooling power 

is calculated using Equation 3.1 [136]: 

𝑃 net,𝐶𝑜𝑜𝑙𝑖𝑛𝑔(𝑇𝑅𝐶) = 𝑃𝑅𝐶(𝑇𝑅𝐶) − 𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) − 𝑃𝑆𝑜𝑙𝑎𝑟−𝑃𝐶𝑜𝑛𝑣.(𝑇𝑅𝐶, 𝑇𝑎𝑚𝑏) (3.1) 

Where 𝑃𝑅𝐶 is the radiative heat transfer from RC to outer space, 𝑃𝑎𝑡𝑚 is the atmospheric downward 

thermal radiation received by the RC, 𝑃𝑠𝑜𝑙𝑎𝑟 is the solar irradiance absorbed by the RC, and 𝑃𝐶𝑜𝑛𝑣. 

is the convective heat transferred from the surroundings, respectively. Furthermore, 𝑇𝑅𝐶 and 𝑇𝑎𝑚𝑏 

are the RC sample and ambient temperatures, respectively.  

A schematic diagram utilizing data reported by NASA depicting the global mean energy balance 

of the Earth is presented in Figure 1. The radiative heat transfer values presented in Figure 1 are 

used in conjunction with Equation 1 to examine how the surface albedo and emissivity of different 

materials influence the energy balance between Earth and outer space [137][138]. The numerical 

values in Figure 1 denote the best estimates for the magnitudes of the globally averaged incoming 

and outgoing radiant energy. As shown in Figure 1, the average incident solar energy per square 

meter at the top of the atmosphere (TOA) is approximately 340.4 W·m-2, with 186.2 W·m-2 

reaching the Earth's surface, 𝑃𝑆𝑜𝑙𝑎𝑟𝑇𝑜𝐸𝑎𝑟𝑡ℎ. Out of the solar irradiance reaching the Earth's surface, 

163.3 W·m-2 is absorbed by the surface, while 22.9 W·m-2 is reflected back into space. The 
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absorbed radiation is converted into heat energy. The Earth’s surface emits longer wavelength 

infrared radiation. As a rough approximation, an average emissivity for Earth's surface, 𝜀𝐸̅𝑎𝑟𝑡ℎ, is 

about 95%, owing to the prevalence of natural land and water surfaces with relatively high 

emissivity values. This results in a thermal outgoing flux at the TOA of approximately 239.9 W·m-

2. In general, the incoming solar flux is 340.4 W/m², with 77.9 W/m² reflected by the atmosphere 

and 22.9 W/m² by the Earth's surface, while a total of 239.9 W/m² is radiated out. Accordingly, 

there is an imbalance of 0.6 W·m-2 in the incoming and outgoing radiation at the TOA causing the 

Earth’s temperature to increase. Notably, in comparison, Johnson et. al.[139] have estimated the 

imbalance of the radiative forcing to be 0.71 W·m-2.  

The optical properties of materials at the Earth’s surface effects its radiative energy balance with 

outer space. The effects of different surfaces on the radiative forcing can be determined 

considering Equations 2 and 3. Radiative Forcing (RF) is defined as the difference between the total 

incoming power (solar radiation) absorbed by the Earth and the total outgoing thermal radiation emitted by 

the Earth back into space at the TOA. The equation for calculating the radiative forcing (𝑅𝐹) is given 

by: 

 

𝑅𝐹 =  ∑𝑃𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔,𝑇𝑂𝐴 − ∑𝑃𝑂𝑢𝑡𝑔𝑜𝑖𝑛𝑔,𝑇𝑂𝐴 =  𝑃𝑆𝑜𝑙𝑎𝑟− 𝑃𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑆𝑜𝑙𝑎𝑟− 𝑃𝑇𝑜𝑡𝑎𝑙𝐸𝑚𝑖𝑡𝑡𝑒𝑑   (3.2) 

 

where 𝑃𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔,𝑇𝑂𝐴 is the incoming thermal radiation at the TOA, 𝑃𝑂𝑢𝑡𝑔𝑜𝑖𝑛𝑔,𝑇𝑂𝐴 is the outgoing 

thermal radiation emitted by the Earth at the TOA, 𝑃𝑆𝑜𝑙𝑎𝑟 is the total incoming solar radiation, 

𝑃𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑆𝑜𝑙𝑎𝑟 is the total reflected solar radiation by the atmosphere and Earth’s surface, and 

𝑃𝑇𝑜𝑡𝑎𝑙𝐸𝑚𝑖𝑡𝑡𝑒𝑑 is the total radiation emitted by the atmosphere and the Earth’s surface. As shown in 

Figure 1 the average incoming solar radiation at the TOA is 340.4 W·m-2, the total outgoing 

radiation at the TOA is 239.9 W·m-2 (and the imbalance is 0.6 W·m-2).  

The RF that would occur if different materials were placed on top of the Earth’s surface can be 

estimated by incorporating the average surface albedo (𝑅̅𝑠𝑜𝑙𝑎𝑟) and the average long wavelength 

infrared emissivity (𝜀𝐿̅𝑊𝐼𝑅) into the balance for RF, as shown in as shown in Equation 3.3: 
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𝑅𝐹𝑖 = 𝑃𝑆𝑜𝑙𝑎𝑟 − (𝑅̅𝑠𝑜𝑙𝑎𝑟 × 𝑃𝑆𝑜𝑙𝑎𝑟𝑇𝑜𝐸𝑎𝑟𝑡ℎ) − (𝑃𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑆𝑜𝑙𝑎𝑟_𝐴𝑡𝑚)

− ((
𝜀𝐿̅𝑊𝐼𝑅

𝜀𝐸̅𝑎𝑟𝑡ℎ
) × 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐴𝑊 + 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐴𝑡𝑚 + 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐶𝑙𝑜𝑢𝑑𝑠))   

(3.3) 

where 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐴𝑊, 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐴𝑡𝑚, and 𝑃𝐸𝑚𝑖𝑡𝑡𝑒𝑑_𝐶𝑙𝑜𝑢𝑑𝑠 are the thermal radiation emitted by Earth’s 

surface and passing through atmospheric window (40.1 W·m-2), emitted by the atmosphere (169.9 

W·m-2), and emitted by the clouds (29.9 W·m-2), respectively.     

 

  

Figure 3.1. Global energy balance. Numerical values indicate the magnitudes of individual energy fluxes, 

measured in W·m-2 as reported by NASA [137][138]. 

 

3.2.2. Determining the global warming potential using the net cooling power of different 

materials 

The Global Warming Potential (GWP) is a metric used to compare the impact of the emissions of 

a particular gas on RF to that of CO2 over a specific time horizon. The GWP for a given substance 

can be expressed as follows: [126]:  

 

𝐺𝑊𝑃𝑖(𝐻) = 
𝐴𝐺𝑊𝑃𝑖(𝐻)

𝐴𝐺𝑊𝑃𝐶𝑂2
(𝐻)

 = 
∫ 𝑅𝐹𝑖(𝑡)𝑑𝑡

𝐻
0

∫ 𝑅𝐹𝐶𝑂2
(𝑡)𝑑𝑡

𝐻
0

  (3.4) 
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Where 𝐴𝐺𝑊𝑃𝑖(𝐻) is the absolute global warming potential for substance i, and 𝐴𝐺𝑊𝑃𝐶𝑂2
(𝐻) is 

the absolute global warming potential for CO2. In essence, the GWP of a substance is determined 

by comparing the time-integrated global radiative forcing caused by a pulse emission of that 

substance to that of an equivalent mass of CO2 over the specified time horizon of H. GWP is 

measured in carbon dioxide equivalents (CO2eq) and varies with the time horizon because different 

substances decay at different rates in the atmosphere. For instance, methane (CH4) has a GWP of 

84-87 kgCO2-eq over a 20-year horizon and 28-36 kgCO2-eq over a 100-year horizon [140]. 

 

The absolute global warming potential for a substance, assuming its removal from the atmosphere 

follows exponential decay, can be approximated using Equation 3.5: 

 

𝐴𝐺𝑊𝑃𝑖(𝐻) =  𝐴𝑖𝜏𝑖 (1 − exp (−
𝐻

𝜏𝑖
)) (3.5) 

Where Ai and τi are the radiative efficiency (RE) and the atmospheric lifetime of substance i, 

respectively. The expression for AGWP CO2-eq is more complex due to the absorption and transport 

processes in the ocean over different timescales. An exponential decay model does not accurately 

represent the atmospheric concentration caused by a CO2 pulse emission. Forster et al. 

approximated the AGWP of CO2 using Equation 3.6:  

 

𝐴𝐺𝑊𝑃𝐶𝑂2
(𝐻) =  𝐴𝐶𝑂2

{𝑎𝑜𝐻 +  ∑ 𝑎𝑖𝛼𝑖 (1 − exp (−
𝐻

𝛼𝑖
))

3

𝑖=1
 } (3.6) 

 

Where 𝐴𝐶𝑂2
 is the RE of CO2, a0 = 0.217, a1 = 0.259, a2 = 0.338, a3 = 0.186, α1 = 172.9 years, α2 

= 18.51 years and α3 = 1.186 years.  According to Equation 6, the AGWP of CO2 for 20 and 100 

years are 2.49 ×10-14 W·m-2·yr·kg-1 and 9.17 ×10-14 W·m-2·yr·kg-1, respectively [127].  

 

If the net cooling power of a given RC material structure is known, the AGWP can be approximated 

using Equation 3.7 [28]: 

 

𝐴𝐺𝑊𝑃𝑅𝐶𝑖
(𝐻) =  − ∫

𝑃𝑛𝑒𝑡 𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑖

𝐴𝑅𝐶𝑖

𝐻

0
(

1

𝐴𝑡𝑟𝑜𝑝𝑜𝑝𝑎𝑢𝑠𝑒
) 𝑑𝑡  (3.7) 
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Where RCi represents RC material structure i, Pnet cooling,i is the cooling power for RCi, , ARCi is the 

projected area of RCi on the horizontal plane, and Atropopause is the area of the tropopause. The 

negative sign ensures that the AGWP is negative when an RC material structure has a positive net 

cooling effect. The AGWP for an RC material structure is normalized to the area of the tropopause 

by the (1/Atropopause) term in Equation 7, allowing the global warming potential of the RC material 

structure to be calculated in terms of CO2eq. Thus, the global warming potential of an RC material 

structure can be approximated using Equation 3.8: 

 

𝐺𝑊𝑃𝑅𝐶𝑖
(𝐻) =  

𝐴𝐺𝑊𝑃𝑅𝐶𝑖
(𝐻)

𝐴𝐺𝑊𝑃𝐶𝑂2
(𝐻)

=

− ∫
𝑃𝑛𝑒𝑡 𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑖

𝐴𝑅𝐶𝑖

𝐻

0
(

1
𝐴𝑡𝑟𝑜𝑝𝑜𝑝𝑎𝑢𝑠𝑒

) 𝑑𝑡

𝐴𝐶𝑂2
{𝑎𝑜𝐻 +  ∑ 𝑎𝑖𝛼𝑖 (1 − exp (−

𝐻
𝛼𝑖

))3
𝑖=1  }

 (3.8) 

 

The units on the GWPRCi (H) values are in kgCO2-eq·m
-2 which, when multiplied by the area of the 

RC material structure or panel, gives the desired units of kgCO2-eq. The GWPRCi values can be used 

in calculating the total GWP of RC technologies in life cycle assessment studies. The negative 

GWPRCi values act as a credit that offsets CO2-eq emissions from other factors, such as emissions 

released during the manufacturing of RC panels or the generation of the base cooling load. 

 

3.2.3. Estimating the global warming potential for a RC case study when conducting a life-

cycle assessment     

The system boundaries included in this study comprise the amount of CO2-eq per kg emitted by 

producing the raw materials used in fabricating a commercialized cool roof used in ref. [134]. This 

section provides an estimate of the net change in GWP that occurs when the rooftops of the houses 

in Jamaica, Ghana, and Brazil (described in the previous section) are coated with the cool paint 

used in ref. [134]. This estimate considers the increase in GWP due to emissions that occur when 

manufacturing the cool paint.  The estimate also considers the decrease in GWP that occurs due to 

the reduced building cooling load and due to the change in radiative forcing that occurs when the 

cool paint is applied to the rooftops. The system boundaries included in this study comprise the 

amount of CO2-eq per kg emitted by producing the raw materials used in fabricating a 

commercialized cool roof used in ref. [134]. This section provides an estimate of the net change 

in GWP that occurs when the rooftops of the houses in Jamaica, Ghana, and Brazil (described in 
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the previous section) are coated with the cool paint used in ref. [134]. This estimate considers the 

increase in GWP due to emissions that occur when manufacturing the cool paint.  The estimate 

also considers the decrease in GWP that occurs due to the reduced building cooling load and due 

to the change in radiative forcing that occurs when the cool paint is applied to the rooftops.  

 

To determine the GWP associated with the production of the cool paint it is first noted that three 

layers of paint are used for each rooftop. The weight of 1 L of cool paint is ~ 3 kg and it is assumed 

that 7.5 L are needed to cover a roof area of 36 m2. Thus, for a three-layer coating of paint on a 

roof with an area of 36 m2, 67.5 kg of cool paint are required. For a roof with an area of 90 m2, 

171 kg of cool paint is required to apply three layers. The ingredients used in the cool roof paint 

and their potential CO2-eq emissions are shown in Table 3.1. 

 

Table 3.1. The ingredients used in a cool roof and their global warming potential [141]. 

Ingredients Weight (%) 
GWP factor 

(kg CO2-eq/kg of substance) 

Aqua ammonia ~1 2.11 [142]  

Propylene glycol ~5 4.14 [142]  

Acrylic polymer (PMMA*)  ~25 3.75 [143]  

CaCO3 ~30 0.01 [142]  

ZnO ~5 2.91 [142]  

TiO2 ~5 1.43 [144]  

Water ~30 0.03 [142]  

* PMMA is considered as the acrylic polymer for the calculations. 

 

Using the information provided in Table 3.1, the CO2-eq emissions associated with 171 kg and 67.5 

kg of cool paint are 239 kg CO2-eq and 94 kg CO2-eq, respectively. Also, it is assumed the cool roofs 

have a lifetime of 20 years, which is equivalent to the average service life of white reflective 

coatings [145]. Using the information provided in Table 3.1, the CO2-eq emissions associated with 

171 kg and 67.5 kg of cool paint are 239 kg CO2-eq and 94 kg CO2-eq, respectively. Also, it is 

assumed the cool roofs have a lifetime of 20 years, which is equivalent to the average service life 

of white reflective coatings [145].  
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Using the CO2 emission factors for electricity production provided in [134], the CO2 emission 

reductions due to the reduction in electric power consumption that is achieved when the cool roof 

is in operation were mentioned in Section 3.1, which are 13.5, 50, and 6 kg CO2·m
-2·yr-1 in Ghana, 

Jamaica, and Brazil, respectively. Considering a 20-year period the total emissions saved for the 

houses in Jamaica, Ghana, and Brazil are estimated to be 36,000 kg CO2-eq, 9,626 kg CO2-eq, and 

10,800 kg CO2-eq, respectively. Using the CO2 emission factors for electricity production provided 

in [134], the CO2 emission reductions due to the reduction in electric power consumption that is 

achieved when the cool roof is in operation are 13.5, 50, and 6 kg CO2·m
-2·yr-1 in Ghana, Jamaica, 

and Brazil, respectively. Considering a 20-year period the total emissions saved for the houses in 

Jamaica, Ghana, and Brazil are estimated to be 36,000 kg CO2-eq, 9,626 kg CO2-eq, and 10,800 kg 

CO2-eq, respectively.  

 

To determine the decrease in GWP due to LWIR emission from the cool paint (and the associated 

decrease in radiative forcing) it is assumed, for simplicity, that the addition of the cool paint 

increases the cooling power of the rooftops by 80 W·m-2. Equations 3.4 – 3.8 in Section 3.2.2 are 

used to calculate AGWP and GWP due to radiative forcing.    

       

3.2.4. Determining the global warming impact when covering 1% of the Earth’s surface 

with RC materials 

The materials are evaluated based on their 𝑅̅𝑠𝑜𝑙𝑎𝑟, 𝜀𝐿̅𝑊𝐼𝑅, net outgoing power, RF, and GWP over 

20 and 100 years. It is assumed that 1% of the Earth’s surface is covered by the listed materials in 

Table 3.2 which reflect 𝑅̅𝑠𝑜𝑙𝑎𝑟 of the solar radiation of (163.3+22.9) W·m-2 incident on the Earth’s 

surface and emit 𝜀𝐿̅𝑊𝐼𝑅/95% of the radiation emitted to space through the atmospheric window 

(which is 40.1 W·m-2 as shown in Figure1). The remaining 99% of the Earth's surface remains the 

same and is assumed to have a radiative balance with outer space as depicted in Figure 1 (with RF 

= 0.6 W·m-2).    

 

The equation for calculating the 𝑅𝐹 at TOA when 1% of the Earth’s surface is covered with 

material i (herein defined as 𝑅𝐹𝑖(1%)) in this scenario is given by: 
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𝑅𝐹𝑖(1%) =  1% × 𝑅𝐹𝑖 + 99% × 𝑅𝐹𝐸𝑎𝑟𝑡ℎ (3.9) 

 

In this study, Equations 3.4 – 3.8 are utilized to calculate of AGWPRCi (20) W·m-2·yr·kg-1, 

AGWPRCi (100) W·m-2·yr·kg-1, GWPRCi (20) W·m-2·yr·kg-1, and GWPRCi (100) W·m-2·yr·kg-1.   

 

Table 3.2. Classification of the materials examined and their 𝑹̅𝒔𝒐𝒍𝒂𝒓 and  𝜺̅𝑳𝑾𝑰𝑹 values. 

Structure 
𝑹̅𝒔𝒐𝒍𝒂𝒓 (%) 𝜺̅𝑳𝑾𝑰𝑹 (%) 

ID RC Structures in Literature   

I Pirvaram et al. [135] 98.2 98.5 

II Wang et al. [52] 95 98 

III Li et al. [87] 96 78 

 Common Construction Materials   

IV White cement paste [146] 66 93 

V Road asphalt (ID A001) [147] 21 96 

VI Concrete (ID C002) [147] 21 92 

VII Grey cement (ID C005) [147] 41 95 

 Common Roofing Materials   

VIII Roofing shingle (ID L003) [147] 6 95 

IX Ceramic roofing tile (ID R010) [147] 19 95 

X PVC roofing material (ID V002) [147] 43 93 

 Natural Surfaces   

XI Forests [148] 15 97 

XII Oceans   10 [149] 98 [150] 

 Reference Cases   

XIII Perfect RC 100 100 

XIV Perfect reflector 100 0 

XV Blackbody 0 100 
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3.3. Results and discussion 

3.3.1. Estimating the global warming potential for a RC case study when conducting a life-

cycle assessment 

The AGWP and GWP due to radiative forcing, determined using the methods described in Section 

3.2.1 and Section 3.2.2, are provided in Table 3.3.   

 

Table 3.3. Effects of using the cool paint on decreasing the radiative forcing. 

Case study Jamaica (36 m2) Ghana (36 m2) Brazil (90 m2) 

AGWP 

(W·m-2·yr) 

20 years -1.12×10-10 -1.12×10-10 -2.8×10-10 

100 years -5.7×10-10 -5.7×10-10 -1.4×10-9 

GWP 

(kgCO2-eq) 

20 years -4,500 -4,500 -11,250 

100 years -6,264 -6,264 -31,140 

 

Table 3.4 summarizes the change in GWP due to the addition of the cool paint to the rooftops for 

the case studies in Jamaica, Ghana, and Brazil. 

 

Table 3.4. The change in GWP due to the addition of cool paint for the three case studies in Jamaica, 

Ghana, and Brazil. 

Case study 
Jamaica  

(36 m2) 

Ghana  

(36 m2) 

Brazil  

(90 m2) 

ΔGWP due to cool paint production (kg CO2-eq) +94* +94 +239 

ΔGWP due to reduced building cooling load (kg CO2-eq) -36,000* -9,626 -10,800 

ΔGWP due to change in radiative forcing (kg CO2-eq) -4,500 -4,500 -11,250 

Net ΔGWP (kg CO2-eq) -40,406 -14,032 -21,811 

* Signs of + and – show the emission and reduction of CO2, respectively. 

 

As shown by the estimates in Table 3.4, the GWP caused by cooling the house in Jamaica over a 

20-year timeframe is reduced by ~ 40,000 kg CO2-eq by applying cool paint to the rooftop. 
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Likewise, the GWP for cooling the houses in Ghana and Brazil over a 20-year period are reduced 

by ~14,000 kg CO2-eq and ~22,000 kg CO2-eq, respectively, by applying the cool paint. For the 

houses in Jamaica and Ghana the largest change in GWP achieved by the addition of the cool paint 

is due to the reduced building cooling load, whereas for the house in Brazil the largest change in 

GWP is due to the change in radiative forcing. This can be attributed to the fact that the CO2 

emission factor associated with electricity production in Brazil is low because hydropower 

comprises a large portion of the electric generation capacity in this region. This suggests that as 

electric power generation shifts towards cleaner production methods the change in GWP due to 

radiative forcing becomes the main contributor towards GWP reductions using RC technologies.  

 

3.3.2. Analysis of net cooling power of RC materials and their associated global warming 

potential  

Figure 3.2 illustrates the Global Warming Potential relative to the net cooling power, Pnet cooling, of 

a surface, which provides valuable insights into the environmental benefits of using RC 

technologies to mitigate climate change impacts. The GWPRCi values plotted in the figure represent 

the Global Warming Potential per square meter of RC panel area over 20 years (GWPRCi (20)) and 

100 years (GWPRCi (100)). The negative values of GWPRCi indicate a net reduction in CO2eq 

emissions. Starting from zero at zero cooling power, the GWPRCi values decrease linearly as 

cooling power increases. For example, a RC material structure of porous Poly (vinylidene fluoride-

co-hexafluoropropylene) (PVDF-HFP) developed in reference [135] exhibits a solar reflectivity of 

𝑅̅𝑠𝑜𝑙𝑎𝑟 = 98.2% and a long-wavelength infrared emissivity of 𝜀𝐿̅𝑊𝐼𝑅 = 98.5%. Using the 

information obtained from Figure 3.1 and Equation 3.3, the Pnet cooling, which is qual to - 𝑅𝐹𝑖, is 

calculated 160.8 W·m-2 which leads to GWPRCi (20) = -252 kgCO2-eq·m
-2 and GWPRCi (100) = -

333 kgCO2-eq·m
-2 using Equations 3.4 - Equations 3.8. The negative values of implies that 252 kg 

and 333 Kg of CO2 emissions are offset by the cooling achieved by 1 m2 of a surface with this 

cooling power over 20-year and 100-year timeframes, respectively.  

 



54 

 

 

 

Figure 3.2. Global warming potential as a function of cooling power for the materials listed in Table 1 

with IDs: I = Pirvaram et al. [135], II = Wang et al.[52], III = Li et al.[87], IV = White cement paste, V = 

Road asphalt (ID A001), VI = Concrete (ID C002), VII = Grey cement (ID C005), VIII = Roofing shingle 

(ID L003), IX = Ceramic roofing tile (ID R010), X = PVC roofing material (ID V002), XI = Forests, XII 

= Oceans, XIII = Perfect RC, XIV = Perfect reflector, and XV = Blackbody .   

 

 

3.3.3. The global warming impact when covering 1% of the Earth’s surface with a RC 

material. 

This section evaluates the environmental impact of substituting 1% of Earth's surface with the 

materials specified in Table 3.2. The optical properties of the materials outlined in Table 3.2 are 

used to calculate net outgoing power, RF, and GWP over 20 and 100 years, with the results 

summarized in Table 3.5 and displayed in Figure 3.3. 

 

Table 3.5. Net cooling power, global warming potential and radiative forcing associated with materials 

in Table 3.2. 

Structure  𝑹̅𝒔𝒐𝒍𝒂𝒓  

(%) 
𝜺̅𝑳𝑾𝑰𝑹 

(%) 
𝑷 𝐧𝐞𝐭,𝑪𝒐𝒐𝒍𝒊𝒏𝒈 

(W·m
-2

) 
GWP

RCi
 (20) 

kg
CO2-eq

·m
-2

  
GWP

RCi
 (100) 

kg
CO2-eq

·m
-2

  
𝑹𝑭𝟏%_𝑻𝑶𝑨* 

(W·m
-2

) 

𝜟𝑹𝑭𝟏%_𝑻𝑶𝑨** 

(W·m
-2

) 

Earth 12.3*** 95 -0.6 9.40E-01 1.24E+00 0.6 0 
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Pirvaram et al. 

[135] 98.2 98.5 160.8 -2.52E+02 -3.33E+02 -1.01 -1.61 

Wang et al. [52] 95 98 154.6 -2.42E+02 -3.20E+02 -0.95 -1.55 

Li et al. [87] 96 78 148 -2.32E+02 -3.07E+02 -0.89 -1.49 

Common Construction Materials      

White cement 

paste [146] 66 93 98.5 -1.54E+02 -2.04E+02 -0.39 -0.99 

Road asphalt (ID 

A001) [147] 21 96 16 -2.51E+01 -3.32E+01 0.43 -0.17 

Concrete (ID 

C002) [147] 21 92 14.3 -2.25E+01 -2.97E+01 0.45 -0.15 

Grey cement (ID 

C005) [147] 41 95 52 -8.28E+01 -1.09E+02 0.066 -0.534 

Common Roofing Materials      

Roofing shingle 

(ID L003) [147] 6 95 -12.3 1.93E+01 2.55E+01 0.72 +0.12 

Ceramic roofing 

tile (ID R010) 

[147] 
19 95 11.9 -1.86E+01 -2.46E+01 0.48 -0.12 

PVC roofing 

material (ID 

V002) [147] 
43 93 55.7 -8.73E+01 -1.15E+02 0.037 -0.563 

Natural 

Surfaces 
       

Forests [148] 15 97 5.3 -8.26E+00 -1.09E+01 0.54 -0.06 

Oceans   10 [149] 
98 

[150] 
-3.6 5.66E+00 7.49E+00 0.63 +0.03 

Reference Cases        

Perfect RC 100 100 164.8 -2.58E+02 -3.41E+02 -1.05 -1.65 
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Perfect reflector 100 0 122.6 -1.92E+02 -2.54E+02 -0.63 -1.23 

Blackbody 0 100 -21.4 3.35E+01 4.43E+01 0.81 +0.21 

* RF at TOA when 1% of the Earth’s surface is covered with the material.  

** 𝛥𝑅𝐹1% =  𝑅𝐹1% − 𝑅𝐹𝐸𝑎𝑟𝑡ℎ where 𝑅𝐹𝐸𝑎𝑟𝑡ℎ = 0.6 W·m-2 at TOA. 

*** The average surface albedo of the Erath is 22.9/186.2 = 12.3% 

 

 

 

 

Figure 3.3. Comparison of Radiative Forcing Values for Various Materials. Red bars indicate positive 

radiative forcing (RF) values, while sky blue bars represent negative RF values. The black dashed line 

('Blackbody') signifies the upper limit, and the blue dashed line ('Perfect RC') denotes the lower limit. 

 

Of all surfaces considered the hypothetical case of the black body has the highest GWP values of 

GWP(20) = 33.5 kgCO2-eq·m-2 and GWP(100) = 44.3 kgCO2-eq·m-2. Although a blackbody emits 

the maximum amount of radiation over the atmospheric window, it also absorbs 100% of the 

incident solar radiation, which results in substantial heating overall. Indeed, as shown in Table 3.5, 

if 1% of the Earth’s surface were covered with a material that had the properties of a black body, 

the RF at the TOA would increase from 0.6 to 0.81.  

Notably, as shown in Table 3.5, only three types of surfaces would increase the GWP if they 

covered 1% of the Earth: Oceans, roofing shingles, and the hypothetical case of the blackbody. 

(Here, covering the Earth’s surface with oceans refers to covering an area the size of 1 % of Earth’s 

surface that has the average solar reflectance of 12.3% and long-wave infrared emissivity of 95%). 
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Ocean surfaces contribute to a slightly higher RF value than that for the average terrestrial surface.  

For roofing shingles GWP(100) = 25.5 kgCO2-eq·m-2, where as for the average terrestrial surface 

GWP(100) = 1.24 kgCO2-eq·m-2.  It follows that on average GWP(100) increases by 24.3 kgCO2-

eq·m-2 when roofing shingles are used. If 1% of the Earth were to be covered with roofing shingles 

the corresponding increase in GWP(100) would be ~124 Gt CO2-eq, which is more than thee times 

the amount of CO2 emitted annually. Fortunately, as shown in Table 3.5, most construction and 

roofing materials have a positive net cooling effect and decrease GWP. Of the construction and 

roofing materials listed in Table 3.5 white cement paste is the best cooling material with Pnet,cooling 

= 98.5 W·m-2 and GWP(100) = -204 kgCO2-eq·m-2. If 1% of the Earth’s surface were to be replaced 

with white cement paste the RF at the TOA would decrease from 0.6 W·m-2 to -0.39 W·m-2, 

implying the Earth would experience global cooling.  

The upper limit on the amount of cooling that could be achieved is set by the perfect RC material 

with 𝑅̅𝑠𝑜𝑙𝑎𝑟 = 100% and 𝜀𝑠̅𝑜𝑙𝑎𝑟 = 100%. The net cooling power for this ideal material is 164.8 W·m-

2 and if 1% of the Earth’s surface were to be covered with a perfect RC the RF would decrease 

from 0.6 to -1.05.  Remarkably, engineered RC materials with net cooling abilities very close to 

that of the perfect RC have been fabricated.  Pirvaram et al. [25], Wang et al. [26], and Li et al. 

[27] fabricated porous polymeric RC films exhibiting cooling values of Pnet,cooling = 160.8 W/m2, 

Pnet,cooling = 154.6 W/m2 , and Pnet,cooling = 148 W/m2, respectively. Covering 1% of the Earths 

surface with these materials would decrease the RF at the TOA to as low as -1.01 W·m-2.  

Reducing GWP by changing the albedo of surfaces and using RC materials over large areas has 

been reported in the literature. Akbari et al. [151] investigated the effects of changing the albedo 

of surfaces of urban areas on a reduction in radiative forcing. They reported the emitted CO2 offset 

for increasing roof albedo by 25% is equal to −64 kgCO2-eq·m-2 of roof area. Similarly, for cool 

pavements with a proposed albedo difference of 0.15, the emitted CO2 offset is equal to −38 

kgCO2-eq·m-2 of pavement area. Therefore, 16 m2 of cool roof areas and 26 m2 of cool paved areas 

are needed to offset 1 tonne of CO2 emissions. Munday [152] suggested that if 5 × 106 km2 in 

desert areas were to be covered with RC materials the terrestrial RF would be decreased by almost 

1 W·m-2. In comparison, the GWP associated with the RC material fabricated by Pirvaram et al. 

[135] is -333 kgCO2-eq·m-2, and if 1% of Earth’s surface (which is ~ 5.1 × 106 km2) were to be 

covered with this material the RF would decrease by 1.61 W·m-2 (from 0.6 to -1.01 W·m-2). 
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Achieving such a low RF value shows the potential for using these RC materials for practical 

applications in reducing urban heat island effects and lowering energy consumption in buildings. 

Notably, it has been reported that the global urbanized land area is ~ 3% of Earth’s total land area 

[153]. 

 

RC materials can be applied in various areas across the Earth to cover 1% of its surface area. These 

areas can be generally categorized into urban, rural, industrial, and natural environments, each 

with unique potential for applying RC materials to make a positive environmental impact. Urban 

areas are prime locations for RC applications due to their high population density, extensive 

infrastructure, and significant contribution to urban heat islands. Rooftops of residential, 

commercial, and industrial buildings can be coated with RC materials to reduce cooling energy 

demands. Building walls and vertical surfaces in urban areas could also supplement horizontal 

rooftops. Coating walls would expand the application area in dense cities with limited roof space. 

The global rooftop area is estimated to be around 0.25 million km2 in 2020 out of the total human-

made built-up surface area of 1.46 million km2 [154]. This equates to about 0.05% of Erath’s 

surface area. Another potential location to apply the cooling materials and RC is roadways and 

pavements. The total global pavements and roadways area is estimated to be 21 million km2 which 

is calculated to be 4.1% of the Earth’s surface area. Some reflective films and RC materials can 

also be floated on reservoirs, lakes, or ocean surfaces to supplement land coverage. Deserts and 

arid areas are another strategy to be vastly used for this purpose due to the low risk of land use 

conflicts. 

 

One limitation of this study is the calculations were carried out using surface albedo and emissivity 

values measured at normal incidence. While these measurements provide useful insights, they do 

not account for the full angular dependence of radiative properties. It is important to note that these 

values may not fully capture the angular dependence of radiative properties. The solar reflectance 

(albedo) and long-wave IR emissivity can both vary significantly with the angle of incidence. As 

the angle between incident solar radiation and the normal to a surface increases, solar reflectance 

generally increases, leading to less absorption of solar energy. On the other hand, long-wave IR 

emissivity may also exhibit angular dependence, with emissivity often increasing as the angle of 

emission approaches the normal direction [155]. For a more detailed analysis, future work could 
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consider hemispherical optical properties measured at different angles. This would provide a 

broader understanding of how surface reflectivity and emissivity vary, though the current results 

still offer valuable insights. 

 

Another limitation is that the use of RC materials cannot be a permanent solution to greenhouse 

gas emissions. Similarly to SRM technologies, geoengineering via widespread RC can contribute 

to mitigating global warming and minimizing damage to ecosystems but will not address the 

underlying causes of global warming. Largescale RC will not be able to offset increases in global 

warming if greenhouse gas emissions continue to rise.  Nevertheless, RC can play an important 

role in alleviating the effects of global warming while solutions that address the root causes of 

global warming are developed. To address global warming nations are transitioning to clean 

energy sources and developing carbon capture technologies [156][157][158]. However, almost 

half of the CO2 that has already been emitted will stay in the atmosphere for centuries and will 

contribute to global warming over extended time periods [159][160]. RC technologies can play a 

vital role in “buying time” by offsetting radiative forcing caused by greenhouse gas emissions 

while permanent solutions for global warming are being developed and implemented. 

 

 

3.4. Conclusion  

This chapter analyses RC materials in comparison with conventional construction and roofing 

materials and highlights their significant potential in mitigating global warming. The study reveals 

that RC materials with high solar reflectivity and long-wavelength infrared emissivity can notably 

reduce radiative forcing and global warming potential. Among the materials evaluated, those 

developed by Pirvaram et al. [135], Wang et al. [52], and Li et al. [87] exhibit notable cooling 

efficiencies and significant reductions in radiative forcing. The results suggest that covering 1% 

of the Earth's surface with high-performance RC materials could offset a considerable amount of 

anthropogenic CO2 emissions, offering a practical approach to climate change mitigation. For 

example, the RC material developed by Pirvaram et al. demonstrates exceptional performance with 

a 𝑅̅𝑠𝑜𝑙𝑎𝑟 of 98.2% and a 𝜀𝐿̅𝑊𝐼𝑅 of 98.5%. This material achieves a net cooling power of 160.8 

W·m⁻², leading to a GWP of -252 kgCO2-eq·m⁻² over 20 years and -333 kgCO2-eq·m⁻² over 100 

years. Its RF value is -1.01s W·m⁻² when covering 1% of the Earth's surface, indicating a 
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substantial reduction in radiative forcing compared to conventional materials. These results are 

closely comparable with the perfect RC as the benchmark for performance (with 𝑅̅𝑠𝑜𝑙𝑎𝑟=  𝜀𝐿̅𝑊𝐼𝑅= 

100%), which shows a net outgoing power of 164.8 W·m-2 and achieves the highest reduction in 

radiative forcing (RF = -1.05 W·m-2). On the other hand, roofing shingles (ID L003 [147] with 

𝑅̅𝑠𝑜𝑙𝑎𝑟 of 6% and 𝜀𝐿̅𝑊𝐼𝑅 of 95%) shows the least favorable environmental impact among the 

materials analyzed. It sets a net cooling power of -12.3 W·m⁻² and a GWP of 193 kgCO2-eq·m⁻² 

over 20 years and 255 kgCO2-eq·m⁻² over 100 years. The RF value for roofing shingle (ID L003) 

[147] is 0.72 W·m⁻² when 1% of the Earth's surface is covered, indicating a positive contribution 

to radiative forcing and increasing global temperatures. The results emphasize that engineered RC 

materials offer superior cooling efficiency and potential for global warming mitigation, closely 

approaching the ideal perfect RC benchmark. In contrast, roofing shingles, along with other 

conventional materials like concrete and road asphalt, contributes positively to radiative forcing, 

highlighting their environmental drawbacks. The findings of this work underscore the importance 

of incorporating RC materials into sustainable building practices and climate mitigation strategies. 
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Chapter 4 

4. Utilizing underside reflectors in RC technology 

4.1. Introduction  

The atmospheric transmittance generally decreases with increasing zenith angle because the 

pathlength of light through the atmosphere increases with increasing zenith angle, resulting in 

increased atmospheric absorption [161]. Therefore, objects with surface areas that have their 

normal directions pointing straight upwards (e.g., a zenith angle of 0°) can be cooled to a greater 

extent. However, limited sky-facing area is one of the big challenges preventing widespread use 

of RCs for multistorey and high-rise buildings in cities [19]. Furthermore, research on RCs 

reported in the literature has primarily focused on RC from the top sky-facing surfaces of objects 

while cooling contributions from the other surfaces, especially the bottom surfaces, has mostly 

been neglected. This is because in most cases the underside of an object being cooled is insulated 

and radiatively inactive.    

Recently, Peoples et al. [162] employed a RC combined with a mid-infrared (mid-IR) V-shaped 

reflector. In their study, a RC coated with a BaSO4 paint is placed on a mid-IR reflector to emit 

radiation to outer space from both the top and bottom surfaces of the RC, simultaneously. The 
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results show the temperature reduction can be doubled when the RC was used with the IR reflector 

when compared to the standalone RC. In another study, Zhou et al. [163] used a RC configured as 

a vertically aligned emitter surrounded by a V-shaped spectrally selective mirror. These mirrors 

absorbed the incident solar radiation while reflecting thermal radiation from the RC. Using this 

RC structure, cooling to 14 ˚C below atmospheric temperature was achieved under standard 

atmospheric pressure.  

In this chapter, the effects of placing perfectly specular reflectors (i.e., specular reflectance equals 

1) on the performance of the RCs are numerically investigated. A disk-shaped RC, which radiates 

over the atmospheric window, is positioned atop six distinct underside surfaces (Figure 4.1). These 

comprise three flat surfaces: a surface with an infinite expanse that has the properties of a 

blackbody, a reflector with an infinite expanse, and a reflector with a 1 m diameter located above 

a surface with an infinite expanse and the properties of a blackbody. Additionally, there are three 

parabolic dishes, each with unique geometric characteristics. Parabolic structures enhance the 

cooling performance of the disk-shaped RC by directing the thermal radiation it emits towards the 

zenith angle, where atmospheric transmittance is the highest, while blocking atmospheric radiation 

at incident angles that are far from the zenith. The results show that among the configurations 

being investigated in this work, the highest cooling performance is achieved when the RC resides 

at the focal length of a parabolic dish that has an entrance aperture with a surface area of 0.13 m2, 

the focal length of 0.016 m, and height of 0.625 m. For this case the RC temperature can be cooled 

to 229 K for the ideal case when the RC is a selective emitter and the convective heat transfer from 

the surrounding environment and incident solar radiation is zero. In comparison, if an infinitely 

wide flat plate is used as the underlying reflector instead of the parabolic dish, the temperature of 

the RC increases to 243 K. This work also presents a comprehensive study of the effects of the 

convective heat transfer coefficient, h, the absorbed solar radiation, 𝛼𝑠𝑜𝑙𝑎𝑟, and the atmospheric 

temperature, 𝑇𝑎𝑡𝑚, on the performance of the RC.  The results show that it is most important to 

increase the reflectivity of solar radiation to achieve effective diurnal cooling under practical 

conditions [136]. 
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4.2. Methods  

4.2.1. Description of the radiative cooling structures investigated 

In this study, numerical analysis is carried out in three dimensions to investigate the effects of 

using an underside reflector on the extent to which a RC is cooled. A point source RC is evaluated 

in six different configurations, as shown in Figure 4.1. In Case 1 (shown in Figure 4.1a) a flat 

surface with infinite width and the properties of a blackbody is located beneath the RC as a 

reference case. In Case 2 (Figure 4.1b) the RC is above a flat reflective surface that extends to 

infinity in the planar direction. For Case 3 (Figure 4.1c) a flat circular reflector with a width of 1 

m resides at a distance of 0.1 m beneath the RC. For Cases 4, 5, and 6 (shown in Figures 4.1d, 

4.1e, and 4.1f, respectively) the RC is situated at the focal length of a parabolic reflective dish 

whose surface can be described using the equation 𝑧 =  (𝑥2 + 𝑦2)/(4𝑓), where x, y, z and are 

labeled in Figures 4.1d-f and the focal length, 𝑓 , is given.  For Case 4: -0.2 m < 𝑥 < 0.2 m, 𝑓 = 

0.1 m, and the height (H) = 0.1 m. For Case 5: -0.5 m < 𝑥 < 0.5 m, 𝑓 = 0.1 m, H = 0.625 m. For 

Case 6: -0.2 m < 𝑥 < 0.2 m, 𝑓 = 0.016 m, and H = 0.625 m. The reflective surfaces are considered 

to be perfectly specular reflectors (reflectivity ρ = 1) for all wavelengths.  For all cases two 

different emittance spectra are considered when determining the radiation emitted from the RC 

material structure and radiation received from the atmosphere, and these spectra are shown in 

Figure 4.2. The first emittance spectrum is that of an ideal top-hat selective radiator which has an 

emittance of 1 over the atmospheric window from 8 to 13 μm and an emittance of zero for 

wavelengths outside this range. The second emittance spectra considered, which is that of an ideal 

step-function broadband radiator, has an emittance of zero for wavelengths less than 4 μm and an 

emittance of one for wavelengths greater than 4 μm. Henceforth in this chapter, the investigated 

cases will be represented as follows: Case 1 will be referenced as Case 1 (Blackbody), Case 2 will 

adopt the notation of Case 2 (infinite flat), Case 3 will be indicated by Case 3 (1m flat),  Case 4 

will be denoted by the notation Case 4 (Para. 𝑓0.1 H0.1) possessing the focal point of 0.1 m and 

height of 0.1 m, Case 5 will be represented as Case 5 (Para. 𝑓0.1 H0.625), and Case 6 will be 

conveyed using the notation Case 6 (Para. 𝑓0.016 H0.625). 
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Figure 4.1 Schematic of the RC with an underlying surface that is (a) Case 1 with a blackbody 

undersurface, (b) Case 2 using an infinite flat reflector, (c) Case 3 employing a reflector of 1 m width, (d) 

Case 4 (Para. f0.1 H0.1), (e) Case 5 (Para. f0.1 H0.625), and (f) Case 6 (Para. f0.016 H0.625) evaluated 

in this study. 
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Figure 4.2 Emittance spectra for an ideal top-hat selective emitter and for an ideal step-function 

broadband emitter. 

 

4.2.2. Monte Carlo Ray Tracing  

In the Monte Carlo simulation method developed in this work, 1,000,000 rays are generated 

randomly from different points on the RC surface. Each ray is assigned a specific direction based 

on the geometry of the system and the properties of the RC. The rays are then emitted in these 

directions and interact with surrounding surfaces. When a ray strikes the parabolic dish, which is 

100% reflective, it is reflected towards the opening aperture area. Rays that reach the aperture are 

considered to be radiated into the sky. In some cases, rays are reflected back to the RC surface 

after interacting with the dish or other surrounding surfaces. 

The interactions of the rays are tracked, and data is collected on the angles of emission and the 

angles at which they reach the aperture area. This data allows for the assessment of the radiative 

heat transfer and the distribution of emission angles. The number of rays that exit through the 

aperture area is recorded as a key indicator of the cooling performance, representing the amount 

of heat radiated away from the RC. 

MATLAB is used to write the code for the simulation, enabling efficient tracking of the rays and 

their interactions. Statistical analysis is employed to ensure that the random nature of the ray 

propagation and interactions is accurately captured. The large number of rays used in the 

simulation provides a reliable estimate of the system’s behavior over time, enabling the evaluation 

of the radiative cooling performance of the RC and parabolic dish configuration. 

  

4.2.3. Cooling performance calculations 

For a planar sky-facing RC that is perfectly insulated at its bottom side (Figure 3a), the net cooling 

power (𝑃Cooling) can be calculated as a function of the temperature of the RC (𝑇𝑅𝐶) and the 

temperature of the atmosphere (𝑇𝑎𝑡𝑚) by using Equation 4.1 [164]:  

𝑃Cooling = 𝑃𝑅𝐶 (𝑇𝑅𝐶) − 𝑃𝑎𝑡𝑚(𝑇𝑎𝑡𝑚) − 𝑃Solar − 𝑃𝑁𝑜𝑛𝑟𝑎𝑑 (𝑇𝑅𝐶 , 𝑇𝑎𝑡𝑚)     (4.1) 
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Here, 𝑃𝑅𝐶  is the outgoing power radiated by the RC, 𝑃𝑎𝑡𝑚 is the incoming atmospheric radiation 

absorbed by the RC, 𝑃Solar represents the incoming absorbed solar irradiance, and 𝑃𝑁𝑜𝑛𝑟𝑎𝑑 is the 

nonradiative heat exchange (i.e. heat transferred via convection and conduction) with the 

surrounding environment. Note that 𝑃𝑁𝑜𝑛𝑟𝑎𝑑 is positive when heat is transferred from the 

surroundings to the RC system, which is the case for sub-ambient cooling. The following equations 

are used to obtain the parameters shown in Equation 4.1 [1], [2], [4][52]: 

𝑃𝑅𝐶 (𝑇𝑅𝐶)= 𝐴 2𝜋 ∫ sin 𝜃𝑐𝑜𝑠𝜃 ∫  𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆) 𝜀𝑅𝐶 (𝜆)
∞

0
𝑑𝜆 𝑑𝜃

𝜋

2
0

 
(4.2) 

  

𝑃𝑎𝑡𝑚 (𝑇𝑎𝑡𝑚) = 𝐴 2𝜋 ∫ sin 𝜃 𝑐𝑜𝑠𝜃 ∫  𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)𝑑𝜆
∞

0
𝑑𝜃

𝜋

2
0

 
(4.3) 

  

𝑃Solar = 𝐴 ∫  𝐺𝐴𝑀1.5 𝜀𝑅𝐶 (𝜆)
∞

0
𝑑𝜆 (4.4) 

  

𝑃𝑁𝑜𝑛𝑟𝑎𝑑 = 𝐴 ℎ (𝑇𝑎𝑡𝑚 – 𝑇𝑅𝐶 ) (4.5) 

In these equations 𝐴 is the area of the top surface of the radiator, λ represents the wavelength of 

radiation, and 𝐼𝐵𝐵 is the spectral intensity of a blackbody, which can be obtained using Plank’s law: 

𝐼𝐵𝐵(𝑇, 𝜆) =
2ℎ𝑐2

𝜆5
 

1

𝑒ℎ𝑝𝑐/(𝜆𝑘𝐵𝑇) − 1
 

(4.6) 

 

in which ℎ𝑝 is Planck’s constant, 𝑘𝐵 is the Boltzmann constant, and c is the speed of light in vacuum. 

 𝜀𝑅𝐶 (𝜆) is the spectral emittance of the radiator which is considered to be independent of the direction. 

𝜀𝑎𝑡𝑚 (𝜆, 𝜃) is the spectral directional emittance of the atmosphere and can be obtained as follows [52]:  

𝜀𝑎𝑡𝑚 (𝜆, 𝜃) = 1 −  𝜏 (𝜆)1/ cos 𝜃 (4.7) 

 

In which 𝜏 (𝜆) is the spectral atmospheric transmittance in the normal direction. In this work, the entire 

atmospheric layer, from ground to outer space, is modeled as a unified medium. Consequently, the 

ambient temperature is employed as a substitute for the variable temperature, which inherently 

fluctuates with altitude. 𝜏 (𝜆) is also obtained using ATRAN [165] (a software computing the spectral 



67 

 

transmittance of Earth's atmosphere in different locations) for Toronto, Canada. Also, the effects of 

radiation reflected from the atmosphere on the cooling performance of the RC are neglected. 

𝐺𝐴𝑀1.5 is the solar air mass 1.5 (AM1.5) irradiance spectrum, however, in this work the solar irradiance 

is assumed to have a constant value of 1000 W·m-2. ℎ represents the convective heat transfer 

coefficient.  

For Cases 1, 2 and 3 the cooling performance is evaluated under the assumption that the RC is a point 

source. For Case 1 (Blackbody surface beneath the RC), in the angular range of  0 < 𝜃 <
π

2
  shown in 

Figure 4.3a, the RC radiates thermal energy towards sky while over  
π

2
< 𝜃 < π the RC exchanges 

thermal emission with Earth (an underside object which is considered to have blackbody properties). 

Therefore, to facilitate the calculations, the outgoing radiative power from the RC is divided into two 

components: 

𝑃𝑅𝐶 =  𝑃𝑅𝐶−𝑠𝑘𝑦 + 𝑃𝑅𝐶−𝐸𝑎𝑟𝑡ℎ  (4.8) 

In which, 𝑃𝑅𝐶−𝑠𝑘𝑦  is the power radiated directly towards the sky and 𝑃𝑅𝐶−𝐸𝑎𝑟𝑡ℎ  is the radiative power 

exchange of the RC with the Earth, respectively, and can be obtained as below: 

𝑃𝑅𝐶−𝑠𝑘𝑦 =  2𝜋𝐴 ∫ sin 𝜃𝑐𝑜𝑠𝜃

𝜋
2

0

∫ (𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆)
∞

0

− 𝐼𝑠𝑘𝑦(𝑇𝑠𝑘𝑦, 𝜆)) 𝜀𝑅𝐶 (𝜆) 𝜀𝑠𝑘𝑦 (𝜆)𝑑𝜆 𝑑𝜃    

(4.9) 

And, 

𝑃𝑅𝐶−𝐸𝑎𝑟𝑡ℎ =  2𝜋𝐴 ∫ sin 𝜃𝑐𝑜𝑠𝜃
𝜋

𝜋
2

∫ (𝐼𝐵𝐵(𝑇𝑅𝐶, 𝜆)
∞

0

− 𝐼𝐵𝐵(𝑇𝐸𝑎𝑟𝑡ℎ, 𝜆)) 𝜀𝑅𝐶 (𝜆) 𝜀𝐸𝑎𝑟𝑡ℎ (𝜆)𝑑𝜆 𝑑𝜃   

(4.10) 

 

In light of 𝑇𝑠𝑘𝑦 being approximately 2 K, the term 𝐼𝑠𝑘𝑦(𝑇𝑠𝑘𝑦, 𝜆) is omitted from the equations, with 

𝜀𝑠𝑘𝑦 (𝜆) assumed to be 1.  

For Case 2, since the RC is located above a flat reflector that extends to infinity in the planar directions, 

the heat exchange with the surroundings from the bottom side is the same as that of the upper side. 

Therefore, the values attained from Equations 4.2 to 4 for 𝑃𝑅𝐶, 𝑃𝑎𝑡𝑚, 𝑃𝑠𝑜𝑙𝑎𝑟, and 𝑃𝑛𝑜𝑛𝑟𝑎𝑑, are doubled.  
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For Case 3, when using a disk-shaped underside reflector with radius, r, the amount of radiation emitted 

from the RC in the downwards direction that is reflected to the sky depends on the size of the reflector. 

That is, in addition to the radiation emitted from the upper surface of the RC to the sky over the range 

0 < 𝜃 <
π

2
,  radiation emitted from the bottom side of the RC over the range  

𝜋

2
+ tan−1 𝑑

𝑟
∙

𝜋

180
< 𝜃 <

𝜋 is reflected towards the sky by the underlying reflector (see Figure 4.3c). Moreover, for Case 3, for 

directions over the range 
𝜋

2
< 𝜃 <

𝜋

2
+ tan−1 𝑑

𝑟
∙

𝜋

180
  the RC exchanges radiative heat with Earth which 

is considered to have the optical properties of a blackbody. In addition to reflecting radiation emitted 

from the bottom of the RC disk to the sky, the underlying reflector also reflects incoming radiation 

from the atmosphere onto the bottom side of the RC. Based on the dimensions of the reflector, the RC, 

and the distance between the two, atmospheric radiation incident from a certain angular range can be 

reflected to the bottom side of the RC. Therefore, the Equations for 𝑃𝑅𝐶−𝑠𝑘𝑦, 𝑃𝑅𝐶−𝐸𝑎𝑟𝑡ℎ  and 𝑃𝑎𝑡𝑚 are 

revised for Case 3 as shown below in Equations 4.11 through 4.13: 

𝑃𝑅𝐶−𝑠𝑘𝑦 =  2𝜋𝐴 (∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃

𝜋
2

0

+ ∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃
𝜋

𝜋
2

+ tan−1𝑑
𝑟

∙
𝜋

180

) ∫  𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆) 𝜀𝑅𝐶 (𝜆)
∞

0

𝑑𝜆 

(4.11) 

 

𝑃𝑅𝐶−𝐸𝑎𝑟𝑡ℎ =  2𝜋𝐴 ∫ sin 𝜃𝑐𝑜𝑠𝜃

𝜋
2

+tan−1𝑑
𝑟

∙
𝜋

180

𝜋
2

𝑑𝜃 ∫  (𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆)
∞

0

− 𝐼𝐵𝐵(𝑇𝐸𝑎𝑟𝑡ℎ, 𝜆)) 𝜀𝑅𝐶 (𝜆) 𝜀𝐸𝑎𝑟𝑡ℎ (𝜆) 𝑑𝜆  

 

(4.12) 

 

𝑃𝑎𝑡𝑚 = 2𝜋𝐴 (∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃 ∫  𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)
∞

0
𝑑𝜆 +

𝜋

2
0

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃
𝜋

𝜋

2
+tan−1𝑑

𝑟
∙

𝜋

180

∫ 𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)
∞

0
𝑑𝜆 ) 

 

(4.13) 

or Cases 4, 5, and 6, the RC resides at the focal length of a parabolic reflector (Figure 4.3d) and results 

are compared for when its radius is 𝑟𝑅𝐶  = point source, 𝑟𝑅𝐶 = 0.0125 m and 𝑟𝑅𝐶 = 0.025 m. To attain the 
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results for when the RC is a point source in Cases 4, 5, and 6, 𝑟𝑅𝐶  was set to a small value (0.001 m) 

and simulations were carried out to verify the results did not change significantly when 𝑟𝑅𝐶  was set to 

lower values (for example the same results were attained when  𝑟𝑅𝐶 = 0.001 m and when 𝑟𝑅𝐶 = 0.0001 

m). In parabolic dishes, an essential parameter is the rim angle, denoted as the angle formed between 

the parabolic axis and the line connecting its focal length to the entrance aperture edges. In this study, 

𝜃𝑠 is introduced as the supplementary angle to the rim angle. This parameter, 𝜃𝑠, is employed to 

directionally assess the radiative heat exchange between the parabolic dishes and their environment. 

(Figure 4.3e). For Cases 4 to 6, over the angles 0 < 𝜃 < 𝜃𝑠 the RC directly exchanges radiation with 

the sky, however, over the range 𝜃𝑠 < 𝜃 < 𝜋, thermal radiation emitted by the RC is directed towards 

the sky after being reflected by the inner surface of the parabolic dishes. Furthermore, when the RC is 

not a point source, radiation emitted in the same direction but from different points on the RC disk will 

travel in slightly different directions after being reflected by the inner surface of the parabolic dish (see 

Figure 4.3f). Thus, radiation emitted from points on the RC that are offset from the focal length will be 

directed towards the atmosphere at an angle of 0 < 𝜓 < 𝜓𝑑, where 𝜓𝑑 is the maximum possible 

deviation from the zenith which occurs when radiation is emitted from the edge of the RC structure.  

To determine the cooling power of the RC for Cases 4, 5, and 6, a MCRT code is developed to capture 

the angular distribution of rays emitted to the sky. This code captures both the radiation emitted directly 

form the RC at angles of 𝜃 and the rays travelling towards the sky at a zenith angle of 𝜓 after being 

reflected from the surface of the parabola. To determine the angular distribution 1,000,000 rays are 

emitted from random points on the RC into random directions and the trajectory of the rays are traced 

until they are absorbed or emitted to outer space. The RC material and the fictitious top surface of the 

entrance aperture which represents the sky are considered perfect absorbers with emittance (𝜀) of 1 

and the reflectors are assumed to specularly reflect the rays without any losses. The fractions of diffuse 

rays leaving the RC and propagating into the sky with a zenith angle between δ and γ radians is denoted 

as (𝐹𝑒𝑚𝑖𝑡𝛿−𝛾).  That is, 𝐹𝑒𝑚𝑖𝑡𝛿−𝛾 accounts for all rays leaving the RC and reaching the sky (either 

directly or via any intervening specular reflections by the parabolic dish) for which the angle between 

the vertical direction and the direction the rays are propagating towards the sky in is greater than δ rad 

and less than γ rad. In this work the fraction of rays emitted for increments of the zenith angle of 10° 

(
𝜋

18
 rad) are determined (e.g. 𝐹𝑒𝑚𝑖𝑡0−

𝜋

18
, 𝐹𝑒𝑚𝑖𝑡

𝜋

18
−

𝜋

9
, …, 𝐹

𝑒𝑚𝑖𝑡
17𝜋

18
−𝜋

) to calculate the radiative power 

emitted to the sky, 𝑃𝑅𝐶−𝑠𝑘𝑦, for Cases 4, 5, and 6 using Equation 4.14: 
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𝑃𝑅𝐶−𝑠𝑘𝑦 =  2𝜋𝐴 (
𝐹

𝑒𝑚𝑖𝑡0−
𝜋

18

𝐹
𝑅0−

𝜋
18

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃

𝜋
18

0

+
𝐹

𝑒𝑚𝑖𝑡
𝜋

18
−

𝜋
9

𝐹
𝑅

𝜋
18

−
𝜋
9

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃 + ⋯

𝜋
9

𝜋
18

+

𝐹
𝑒𝑚𝑖𝑡

17𝜋
18

−𝜋

𝐹
𝑅

17𝜋
18

−𝜋

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃
𝜋

17𝜋
18

) ∫ 𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆) 𝜀𝑅𝐶 (𝜆)
∞

0

𝑑𝜆  

 

(4.14) 

where 𝐹𝑅𝛿−𝛾 is the fraction of rays emitted from the RC and reaching the sky for the reference case 

when the parabolic dish is not present (e.g., Case 1 in Figure 4.1) in directions that have zenith angles 

between δ rad and γ rad.  

Considering the reciprocity theorem, the angular distribution of rays emitted from the RC to the 

atmosphere is the same as the angular distribution of incoming radiation the RC receives from the 

atmosphere. Thus, the MCRT method described above to attain 𝑃𝑅𝐶−𝑠𝑘𝑦 can also be used to calculate 

the amount of radiant power the RC receives from the atmosphere, and 𝑃𝑎𝑡𝑚 is determined using 

Equation 4.15: 

𝑃𝑎𝑡𝑚 =

 2𝜋𝐴 (
𝐹

𝑟𝑒𝑓𝑙0−
𝜋

18

𝐹
𝑅0−

𝜋
18

∫ sin𝜃𝑐𝑜𝑠𝜃𝑑𝜃 ∫ 𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)
∞

0
𝑑𝜆 +

𝜋

18
0

𝐹
𝑟𝑒𝑓

𝜋
18−

𝜋
9

𝐹
𝑅

𝜋
18

−
𝜋
9

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃 ∫  𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) ɛ𝑅𝐶 (𝜆) ɛ𝑎𝑡𝑚 (𝜆, 𝜃)𝑑𝜆
∞

0
+

𝜋

9
𝜋

18

⋯ +
𝐹

𝑟𝑒𝑓
17𝜋
18

−𝜋

𝐹
𝑅

17𝜋
18

−𝜋

∫ sin 𝜃𝑐𝑜𝑠𝜃𝑑𝜃 ∫ 𝐼𝐵𝐵(𝑇𝑎𝑡𝑚, 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)𝑑𝜆 
∞

0

𝜋
17𝜋

18

)                          (4.15) 

 

 

 

where 𝐹𝑟𝑒𝑓𝑙0−
𝜋

18
 is the fraction of reflected rays from the parabolic reflectors towards the sky in the 

angle range of 0 −
𝜋

18
.  
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Figure 4.3 (a) an insulated RC material from bottom side, (b) using a flat reflector undersurface to reflect 

the bottom side radiation to the sky, (c) geometrical features of a finite 1m flat reflector undersurface, (d) 

using a parabolic reflector to normally direct the radiation to the sky, (e) the supplementary angle to the 

rim angle, θ𝑠, and (f) deviation of the reflected rays from the normal for a point located away from the 

focal length.  

4.3. Results and discussions  

4.3.1. Cooling performance results 

Figure 4.4 shows a comparison between the cooling power, 𝑃 Cooling, for the six cases as a function 

of the temperature of the RC, 𝑇𝑅𝐶, for two types of emittance spectra; the ideal selective emittance 

spectrum and the ideal broadband emittance spectrum shown in Figure 2. For the results shown in 

Figure 4.4 it is assumed the atmospheric temperature, 𝑇𝑎𝑡𝑚, is 300 K and the RC is a point source. 

Furthermore, the heat transfer coefficient, h, and solar energy absorptance, 𝛼Solar, of the RC are 

assumed to be 0. For sub-ambient cooling an upper limit for the cooling power occurs when h and 

𝛼Solar are zero; in practical applications h and 𝛼Solar will have nonzero values which will reduce 

the extent to which the structure can be radiatively cooled. The steady-state temperature of the RC 
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(which occurs when 𝑃 Cooling = 0 W·m-2) is provided in Table 4.1 for the six cases shown in Figure 

4.4 for when the RC has either an ideal selective or ideal broadband emittance spectrum. As shown 

in Table 4.1, the RC can be cooled to considerably lower temperatures when it is located at the 

focal length of the parabolic reflector (Cases 4, 5, and 6) as compared to the cases wherein the 

parabolic reflector is not used. For example, considering the case when the RC has the ideal 

selective emittance spectrum, the steady-state temperature for Cases 4, 5, and 6 are about 237 K, 

230 K, and 229 K, respectively, which are noticeably lower than that for Case 3 (1 m wide flat 

reflector), Case 2 (infinite flat reflector), and Case 1 (underlying blackbody) which are around 244 

K, 243 K, and 276 K, respectively.  

The RC reaches a lower steady state temperature for Cases 4, 5, and 6 because the parabolic 

reflectors shield the RC from a large amount of atmospheric radiation incident from large zenith 

angles. Moreover, a comparison between the cases wherein the RC resides at the focal length of a 

parabolic reflector shows that Cases 5 and 6 result in lower equilibrium temperatures compared 

with Case 4. This is because the height of the parabolic reflector and 𝑓 are the same in Case 4, 

whereas the height of the reflector is greater then the 𝑓 for Cases 5 and 6. That is, the sides of the 

parabolic reflector block atmospheric radiation incident from large zenith angles for Cases 5 and 

6. Additionally, it can be seen that Cases 5 and 6 exhibit similar cooling results, however, the major 

difference between the two cases is the surface area the parabolic dishes occupy. That is, as the 

focal length of a parabola decreases, the parabola gets narrower, and its entrance aperture area 

decreases. For Case 5, wherein 𝑓 = 0.1 m, the entrance aperture area is 0.78 m2, whereas for Case 

6 𝑓 = 0.016 m and surface area of the entrance aperture is 0.13 m2. Thus, for example, one parabolic 

dish cooler can be used per square meter of installation area in Case 5, whereas almost 7 parabolic 

dish coolers could be used per square meter in Case 6.   

Figure 4.4 also reveals that the RC has a lower equilibrium cooling temperature in all cases when 

it has an ideal selective emittance spectrum as compared to when it has an ideal broadband 

emittance spectrum. The narrower emittance spectrum of the selective RC compared to a 

broadband RC corresponds to a smaller radiative power, 𝑃𝑅𝐶, emitted from the radiator. However, 

this narrower emissive spectrum also correlates to a higher reflection of incoming atmospheric 

radiation, 𝑃𝑎𝑡𝑚, which ultimately results in lower steady state temperatures.  
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Table 4.1 Steady state cooling temperatures (𝑇 𝑅𝐶−𝑠𝑠) of the six cases. 

Radiator 

Type 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Selective RC 276.5 K 243.9 K 244.5 K 237.4 K 230.9 K 229.9 K 

Broadband RC 289.1 K 276.6 K 276.8 K 276.8 K 271.9 K 271.5 K 

 

Generally, when RC structures employ an underlying reflector to direct thermal radiation to the 

sky, as the size of the RC material structure increases the portion of radiation that is reflected back 

to the RC from the reflector also increases, which reduces the radiation emitted to the sky. 

Therefore, in this study, the temperature of the RCs centered at the focal length of the parabolic 

reflectors are investigated as a function of their sizes. Figure 4.5 shows 𝑃 Cooling as a function of  

𝑇 𝑅𝐶 for Cases 4, 5, and 6 when the RC is a point source, or a flat disk with a radius of 0.0125 m, 

and 0.025 m.  The results shown in Figures 4.5a and 4.5b show that the radius of the RC has a 

negligible effect on its equilibrium temperature when 𝑓 = 0.1. We attribute this to the fact that both 
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Figure 4.4 Cooling power (𝑃𝐶𝑜𝑜𝑙𝑖𝑛𝑔 ) as a function of the RC temperature (𝑇𝑅𝐶 ) for the six cases 

considered in this work when the RC has either the ideal selective (solid lines) or broadband 

emittance spectra shown in Figure 4.2.    
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𝑃𝑅𝐶  and 𝑃𝑎𝑡𝑚 decrease as the radius of the RC increases, resulting in an insignificant change in the 

net cooling. As mentioned previously, 𝑃𝑅𝐶  decreases because more radiation is reflected back to 

the RC as its size increases and 𝑃𝑎𝑡𝑚 decreases because less atmospheric radiation is able to reach 

the bottom of the RC as its size increases. However, as noticed in Figure 4.5c, the RC size has 

substantial effects on the cooling power results for Case 6 compared to the other cases. This is 

attributed to the fact that for Case 6, the width of the parabolic dish at its focal length is 

considerably narrower than the other parabola cases. For Cases 4 and 5 the width of the parabolic 

dish at the focal length is 0.4 m, and when 𝑟𝑅𝐶 increases from a point source to 0.025 m the distance 

between the edge of the RC and the parabolic dish decreases from 0.199 to 0.175 m. In comparison, 

for Case 6, the width of the parabolic dish at the focal length is 0.064 m, and when 𝑟𝑅𝐶 increases 

from a point source to 0.025 m the distance between the edge of the RC and the parabolic dish 

decreases from 0.031 to 0.007 m. Thus, for Case 6, as 𝑟𝑅𝐶 increases to the larger values considered 

in this study it significantly reduces the view factor and radiative exchange between the sky and 

points on the parabolic dish beneath the RC. The significant reduction of the parabola width at the 

focal length results in a corresponding increase in the effects of the RC size on the cooling results. 

For example, in Case 6, the ideal selective and broadband RC with 𝑟𝑅𝐶 = point source exhibit 
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cooling powers of 234 W·m-2 and 55 W·m-2, respectively, while the cooling powers of 148 W·m-2 

and 162 W·m-2 are obtained when 𝑟𝑅𝐶 = 0.025 m. 

 

Figure 4.5.  𝑃 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 results as a function of  𝑇 𝑅𝐶 when RC materials with different sizes are employed in 

the parabola Cases 4, 5, and 6. 
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The effects of changing the convective heat transfer coefficient, h, the incident solar radiation, 

𝛼Solar, and the atmospheric temperature, 𝑇𝑎𝑡𝑚, on the performance of the RC are shown in Figures 

4.6 through 4.10. Most of the results presented in these figures are for Case 6, which had the lowest 

equilibrium cooling temperature in Figure 4.4. For all results presented in Figures 4.6 through 4.10 

𝑟𝑅𝐶 = point source.  

The effects of increasing the convective heat transfer coefficient on the steady state temperature 

of the RC, 𝑇 𝑅𝐶−𝑠𝑠, when it is an ideal selective emitter is shown in Figure 4.6a for all cases. The 

atmospheric temperature, 𝑇𝑎𝑡𝑚, and solar absorptance, 𝛼Solar, are assumed to be 300 K and zero, 

respectively, for all results shown in Figure 4.6. As h increases from zero in Figure 4.6a 𝑇 𝑅𝐶−𝑠𝑠 

rapidly increases for all cases. For example, for Case 6 when the reflector has a selective surface, 

𝑇 𝑅𝐶−𝑠𝑠 increases by about 40 K as h increases from 0 to 2 W·m-2·K-1, indicating that non-radiative 

heat transfer has a strong effect on the cooling ability of the RC. As h continues to increase the 

temperature of the RC increases monotonically, although to a lesser extent. The cooling power of 

the RC when it is an ideal selective emitter is plotted as a function of its temperature, 𝑇 𝑅𝐶, and h 

for Case 6 in Figure 4.6b. As shown, for 𝑃 Cooling= 0 W·m-2 when h = 0 W·m-2·K-1 a selective RC 

cools down to 229 K but as h increases to 2 W·m-2·K-1 the RC the temperature of the RC reaches 

271 K.  

The relation between the steady state temperature of the RC, 𝑇 𝑅𝐶−𝑠𝑠, when it is a broadband emitter 

and h is shown in Figure 4.6c for all cases. In comparing Figures 4.6a and 4.6c it can be seen that 

for low h values 𝑇 𝑅𝐶−𝑠𝑠 is significantly lower when the RC is a selective emitter then when it is a 

broadband emitter. However, as h increases 𝑇 𝑅𝐶−𝑠𝑠 becomes comparable for when the RC is a 

selective or broadband emitter. The cooling power of the RC when it is a broadband emitter is 

plotted as a function of 𝑇 𝑅𝐶, and h for Case 6 in Figure 4.6d. This figure shows that for 𝑃 Cooling= 

0 W·m-2 when h = 0 W·m-2·K-1, the steady state temperate that a broadband RC reaches when h = 

0 W·m-2·K-1 is 271 K and the steady state temperature is 281 K when h increases to 2 W·m-2·K-1.  
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Figure 4.6. The steady state cooling temperature for Case 6 as a function of the convective heat transfer 

coefficient (h) for the (a) selective and (c) broadband RC materials. The cooling power for Case 6 as a 

function of the convective heat transfer coefficient (h) and the RC temperature (𝑇𝑅𝐶) using the (b) 

selective and (d) broadband RC, respectively. 
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solar absorptance, 𝛼Solar, on the steady state temperature of the RC when it is a selective emitter 

are shown in Figure 4.7a for all cases. The solar absorptivity clearly has a strong effect on 𝑇 𝑅𝐶−𝑠𝑠. 

For example, for Case 1 𝑇 𝑅𝐶−𝑠𝑠 = 𝑇𝑎𝑡𝑚 (indicating no cooling is occurring) when 𝛼Solar = ~ 0.05, 

and when 𝛼Solar increases to ~0.1-0.12  𝑇 𝑅𝐶−𝑠𝑠 = 𝑇𝑎𝑡𝑚 for all cases. These results show the 

importance of using RC materials that are highly reflective towards solar radiation for diurnal RC 

applications. The cooling power for Case 6 when the RC is a selective emitter is shown as a 

function of 𝑇 𝑅𝐶 and 𝛼Solar in Figure 4.7b. The cooling power is the largest when 𝛼Solar is low and 

when 𝑇 𝑅𝐶 is high, because the outgoing radiative heat loss term, 𝑃 𝑅𝐶, increases as 𝑇 𝑅𝐶 increases. 

The highest cooling power of 230 W·m-2·K-1 is achieved for the ideal selective structure when 𝑇 𝑅𝐶 

= 300 K and  𝛼Solar = 0. The cooling power decreases to less than zero as 𝑇 𝑅𝐶   decreases and as 

𝛼Solar increases. For points on Figure 4.7b above the 𝑃 Cooling = 0 line the value of 𝑃 Cooling is 

negative, which indicates the RC is gaining rather than losing heat.  

The correlation between the steady state temperature of the RC, 𝑇 𝑅𝐶−𝑠𝑠, and the solar absorptivity,  

𝛼𝑠𝑜𝑙𝑎𝑟, for when the RC is a broadband emitter is shown in Figure 4.7c. As indicated, for both 

selective and broadband RC there is an approximately linear increase in 𝑇 𝑅𝐶−𝑠𝑠 as 𝛼𝑠𝑜𝑙𝑎𝑟 rises. A 

comparison between Figures 4.7a and 4.7c shows that 𝑇 𝑅𝐶−𝑠𝑠 is significantly lower when the RC 

is a selective emitter as compared to when it is a broadband emitter for low values of 𝛼𝑠𝑜𝑙𝑎𝑟. 

However, as 𝛼Solar increases the value of 𝑇 𝑅𝐶−𝑠𝑠 increases and becomes comparable for when the 

RC is a selective or broadband emitter. Moreover, as 𝛼Solar increases beyond about 0.12 sub-

ambient cooling does not occur for either emitter type. It follows that the 𝛼Solar term is the most 

influential on the performance of the RC and must be kept to minimal values to achieve cooling 

whether the RC is an ideal or a broadband absorber. The cooling power for Case 6 when the RC is 

a broadband emitter is shown as a function of 𝑇 𝑅𝐶−𝑠𝑠 and 𝛼Solar in Figure 4.7d. In comparing 

Figures 4.7b and 4.7d it can be noted that the 𝑃 Cooling = 0 line for the selective emitter is lower 

than that for the broadband emitter, which shows the selective emitter is a more resilient RC under 

solar radiation. This is because the selective emitter absorbs less atmospheric radiation than the 

broadband absorber, which helps compensate for a portion of the heat gains caused by incident 

solar radiation.  
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 Figure 4.7 (a) and (c) the steady state cooling temperature results for all cases as a function of the solar 

absorptance (𝛼𝑆𝑜𝑙𝑎𝑟) for the selective and broadband RC materials, respectively. The cooling power for 

Case 6 as a function of the solar absorptance (𝛼𝑆𝑜𝑙𝑎𝑟) and the RC temperature (𝑇𝑅𝐶) using the (b) selective 

and (d) broadband RC, respectively. 

 

  

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

200 220 240 260 280 300

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

200 220 240 260 280 300

Selective     Broadband  

Case1 (Blackbody)

Case2 (Infinite flat)

Case3 (1m flat)

Case4 ((Para. 𝑓0.1 H0.1)

Case5 (Para., 𝑓0.1 H0.625)         

Case6 (Para. 𝑓0.016 H0.625)

𝑇𝑅𝐶 (K) 

𝑇𝑅𝐶 (K) 

𝑇𝑅𝐶 (K) 

𝑇𝑅𝐶 (K) 

𝑎
S

o
la

r 
 

𝑃
C

o
o

li
n

g
 (

W
·m

-2

) 

𝑎
S

o
la

r 
 

𝑎
𝑠𝑜

𝑙𝑎
𝑟

  
𝑎

𝑠𝑜
𝑙𝑎

𝑟
  

𝑃
C

o
o

li
n

g
 (

W
·m

-2

) 

ℎ= 0 (W·m
-2

·K
-

1

ℎ= 0 (W·m
-2

·K
-

1

Selective 

RC 

Broadband 

RC 

(a) (b) 

(c) (d) 



80 

 

The effects of the atmospheric temperature on the RC are shown in Figure 4.8. All results shown 

in Figure 4.8 are based on the assumptions that the convective heat transfer coefficient, h, and the 

solar absorptance, 𝛼Solar, are both zero. Figure 4.8a shows the steady state temperature of the RC 

increases almost linearly as the atmospheric temperature increases. Figure 4.8b shows the cooling 

power as a function of the atmospheric and RC temperatures for Case 6 when the RC has a selective 

emittance spectra. The cooling power decreases to less than zero as expected. It indicates that 

heating is occurring when the atmospheric temperature, 𝑇 𝑎𝑡𝑚,  increases and the temperature of 

the radiative cooler, 𝑇 𝑅𝐶−𝑠𝑠, is sufficiently low. Figure 4.8c shows the steady state temperature of 

the RC increases almost linearly as the atmospheric temperature increases when the RC has a 

broadband emittance spectrum, which is similar to the trend observed in Figure 4.8a for the RC 

with the selective emittance spectrum. The cooling power of the RC is plotted with respect to the 

atmospheric and steady state temperatures in Figure 4.8d for Case 6 when the RC is a broadband 

emitter. Similar to the results shown in Figure 4.8b for when the RC is a selective emitter 𝑇 𝑅𝐶−𝑠𝑠 

(which is 𝑇 𝑅𝐶 when 𝑃 Cooling= 0 W·m2) increases as 𝑇 𝑎𝑡𝑚 increases. Notably, the temperature 

difference between 𝑇𝑎𝑡𝑚 and 𝑇 𝑅𝐶−𝑠𝑠, which is known as the thermal reduction below ambient, also 

increases as 𝑇𝑎𝑡𝑚 increases for the results shown Figures 4.8b and 4.8d. For example, when 𝑇𝑎𝑡𝑚 = 

250 K, 𝑇 𝑅𝐶−𝑠𝑠 is about 197 K and 228 K, for the selective and broadband RC, which correlates to 

temperature reductions of 53 K and 22 K, respectively. However, when 𝑇𝑎𝑡𝑚 = 350 K, 𝑇 𝑅𝐶−𝑠𝑠 also 

rises to 261 K and 316 K for the selective and broadband RC structures, respectively. Thus, when 

the atmospheric temperature is 350 K the temperature reduction is 89 K and 34 K for the selective 

and broadband RCs, respectively. These results are consistent with those reported in the literature. 

For example, Minghao et al. [166] reported that in low humidity regions, higher atmospheric 

temperatures result in a larger difference between the radiator and the atmospheric temperatures. 

Feng et al. [167] also described that an increased atmospheric air temperature can enhance the 

cooling performance and larger sub-ambient temperature reduction of the surfaces.            
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Figure 4.8 (a) and (c) The steady state cooling temperature results for all cases as a function of the 

atmospheric temperature (𝑇𝑎𝑡𝑚) for the selective and broadband RC materials, respectively (b) and (d) 

cooling power results of the case 6 as a function of the solar absorptance (𝑇𝑎𝑡𝑚) and the RC temperature 

(𝑇𝑅𝐶) using the selective and broadband RC, respectively. 
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the RC is a broadband emitter are shown in Figures 4.9c and 4.9d. 𝑇𝑎𝑡𝑚 was considered to be 300 

K when calculating these results. The black lines in Figures 4.9a-d are isotherms and these lines 

are labelled with their corresponding temperatures in units of K.  As shown in Figures 4.9a and 

4.9c sub-ambient cooling is not achieved when 𝛼Solar > ~ 0.12 when the RC is a selective emitter 

or when 𝛼Solar > ~ 0.13 when the RC is a broadband emitter. Achieving sub-ambient cooling 

requires low values of both h and 𝛼Solar, which corresponds to the bottom left corner in Figures 

4.9a and 4.9c, respectively. The bottom left part of Figures 4.9a and 4.9c are magnified in Figures 

4.9b and 4.9d, respectively. From Figures 4.9b and 4.9d it is apparent that when h values are low, 

increasing 𝛼Solar cause a significant increase in 𝑇 𝑅𝐶−𝑠𝑠. However, at larger h values, the effects of 

changing 𝛼Solar on 𝑇 𝑅𝐶−𝑠𝑠 are less pronounced.  
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Figure 4.9 (a) and (c) steady state cooling temperature results of the case 6 as a function of the 

convective heat transfer coefficient (ℎ) and the solar absorptance (𝛼𝑆𝑜𝑙𝑎𝑟) for the selective and 

broadband RC materials, respectively, (b) and (d) The maximized graphs of parts shown in red dashed 

lines of the selective and broadband RC materials, respectively. 
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practical applications the emittance of the RC over the atmospheric window will have some value 

less than one. To investigate the effects of reducing the emittance of the RC on its cooling 

performance we consider different values of the average emittance over the atmospheric window, 

denoted herein as 𝜀𝐴𝑊.  The effects of 𝜀𝐴𝑊, 𝛼Solar, and h on 𝑇 𝑅𝐶−𝑠𝑠 for Case 6 are shown in Figure 

4.10. The results in Figure 4.10 were determined under the assumption that 𝑇𝑎𝑡𝑚 = 300 K. The 

steady state temperature of the RC is constant along the black lines shown in Figure 4.10 and the 

corresponding temperature for these lines is shown in units of Kelvin.  Moreover, Figures 4.10a 

and 4.10b show the results for when the RC is a selective emitter while for Figures 4.10c and 4.10d 

the RC has a broadband emitter. The emission spectra for the selective and broadband emitters 

shown in Figure 4.10 are similar to those shown in Figure 4.2, but with the emittance equal to ɛ𝐴𝑊 

rather than one. 

Figures 4.10 a and c show that when h = 0 W·m-2·K-1, increasing 𝛼Solar causes a significant 

increase in 𝑇 𝑅𝐶−𝑠𝑠, whereas decreasing 𝜀𝐴𝑊 increases 𝑇 𝑅𝐶−𝑠𝑠 to a lesser extent. These trends are 

especially pronounced for low values of 𝛼Solar. For example, according to Figure 4.10a (h = 0 

W·m-2·K-1 and selective RC) when 𝛼Solar = 0, increasing 𝜀𝐴𝑊 from 0.5 to 1 causes 𝑇 𝑅𝐶−𝑠𝑠 to 

decrease from about 260 K to 230.9 K. On the other hand, if 𝜀𝐴𝑊 is constant at 0.5 when 𝛼Solar is 

decreased from 0.05 to 0 𝑇 𝑅𝐶−𝑠𝑠 decreases from 308 K to 260 K. When h is 5 W·m-2·K-1 the value 

of 𝑇 𝑅𝐶−𝑠𝑠 increases with increasing 𝛼Solar, although to a lesser extent as compared to when h = 0. 

For example, Figure 4.10b shows that when h = 5 W·m-2·K-1 a reduction of 𝛼Solar from 0.05 to 0 

results in a decrease of 𝑇 𝑅𝐶−𝑠𝑠 from 301.6 K to 293.5 K.  

The results shown in Figure 4.10 are consistent with those reported in the literature. For example, 

Li et al. [25], [168] defined a standard figure of merit, 𝐹𝑅𝐶, to evaluate the RC performance of 

structures tested under similar weather conditions as follows:  

𝐹𝑅𝐶 =  𝜀𝐴𝑊 − 𝑞 (1 − 𝑅Solar) 

 

(4.16) 

where 𝜀𝐴𝑊 is the emittance of the radiative cooler over the atmospheric window and q is the ratio 

of the solar radiation power divided by the radiative power of a blackbody at 300 K in the 8 – 13 

μm spectral range (for example, when  the solar irradiance is 1000 W·m-2, and given that a 

blackbody at a temperature of 300 K radiates 100 W·m-2 over the spectral range from 8 – 13 μm, 

q is equal to 10), 𝑅Solar is the solar power reflectance of the structure (𝑅Solar= 1-𝛼Solar for an 



85 

 

opaque material). They also confirmed that due to the intense solar power compared to the radiative 

power emitted over the atmospheric window, to achieving high-performance radiative cooling 

under sunny conditions it is more important to increase the solar reflectance than the emittance of 

the RC.  
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Figure 4.10 steady state cooling temperature results of the case 6 as a function of the solar absorptance 

(𝛼𝑆𝑜𝑙𝑎𝑟) and the emittance in the atmospheric window (𝜀𝐴𝑊) for (a) selective RC with h = 0, (b) selective 

RC with h = 5, (c) Broadband RC with h = 0, (d) Broadband RC with h = 5. 
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4.4. Conclusion  

In conclusion, this study has investigated the cooling performance of RC structures in three 

dimensions using various configurations with and without underside reflectors. The numerical 

analyses involve six different cases, including a blackbody undersurface (Case 1), an infinite flat 

reflector (Case 2), a flat reflector with a width of 1 m (Case 3), and parabolic reflectors (Cases 4, 

5, and 6) with different focal lengths and dimensions. The investigations are performed using two 

different spectra: an ideal selective emitter and an ideal broadband emitter.  

The study addresses the variations in the net cooling power calculations for the different cases. For 

Cases 4, 5, and 6, which utilize parabolic reflectors, MCRT methods are developed to simulate 

radiative heat transfer interactions. The code considers the emission and reflection angles of the 

rays to capture the fraction of rays emitted and reflected by the RC. The MCRT simulations 

provides the fractions of rays emitting spherically and reflecting from the parabolas to the sky 

within specific angles. These fractions are then incorporated into the cooling performance 

calculations to obtain the overall cooling results of the structures. 

Results show that considering an ideal selective emittance spectrum in the absence of solar 

absorption and convective heat transfer at an ambient temperature of 300 K, the steady-state 

temperatures for Cases 4, 5, and 6 are approximately 237 K, 230 K, and 229 K, respectively. These 

temperatures are noticeably lower than those observed for Case 3 (1 m flat), Case 2 (infinite flat), 

and Case 1 (blackbody), which exhibit temperatures around 244 K, 243 K, and 276 K, respectively. 

In Case 6, a smaller entrance aperture surface area compared to Cases 4 and 5 limits the radiation 

arriving at the entrance aperture to smaller supplementary angle of the rim angle. Furthermore, 

approximately seven instances of Case 6 reflectors can be accommodated within the same surface 

area that Case 5 occupies. 

The parabolic configuration studied here offers a versatile cooling solution that can be used 

independently or integrated into various applications such as air- and water-based cooling systems, 

air-conditioning, CO2 capture, and water harvesting. By incorporating a parabolic reflective 

surface beneath a RC material, the proposed RC system achieves remarkable temperature 

reduction, making it ideal for enhancing water condensation and collection which demonstrates 

superior performance compared to existing RC structures. 
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Chapter 5 

5. Optimized porous PVDF-HFP as radiative cooling materials 

5.1. Introduction 

Currently, significant research efforts are being directed towards improving the surfaces of RC 

structures by tuning their emissivity, absorptivity, and reflectivity. The development of RC surfaces 

aims to prevent the absorption of solar radiation and enhance the emission of LWIR radiation over 

the atmospheric window (which ranges from ~ 8 to 13 μm). Attaining these specific spectral 

properties enables passive daytime RC of surfaces, even when being exposed to direct solar 

irradiation. Achieving sub-ambient cooling requires the RC coating to emit more radiant energy 

over the atmospheric window than it absorbs over the solar spectrum. Extensive investigations 

have been done to introduce a diverse array of inventive materials well-suited for passive daytime 

RC. Therefore, several advanced structures have been developed to simultaneously optimize both 

solar reflectivity and thermal emissivity. Examples include multilayered films [66][2][92], 

composite materials with nanoparticles [169][170][23][171][58][172], and coatings using porous 

media [170][94][121][55][50]. For example, Chae et al. [64] developed a multilayered structure 

using Al2O3, Si3N4, and SiO2. The thickness of each layer was fine-tuned to increase emissions 

over the 8−13μm range. The resultant radiative cooler demonstrated an average emissivity of 87% 
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over the atmospheric window and a 5.2% average absorptivity in the solar spectral region 

(0.3−2.5μm). During direct sunlight exposure, the cooler effectively lowered temperatures by up 

to 8.2˚C compared to the inner ambient temperature. However, the reflectivity of solar energy in 

this material structure is suboptimal and necessitates improvements. Raman et al. [4] presented an 

integrated photonic solar reflector and thermal emitter composed of seven layers of HfO2 and SiO2. 

This innovative structure reflects 97% of incident sunlight, simultaneously exhibiting an average 

emissivity of 66% within the atmospheric transparency window. Nevertheless, there is room for 

improvement in the emissivity within the atmospheric window.  

Polymeric coatings represent another strategy for passive daytime RC, known not only for their 

adaptability and easy application to surfaces with diverse compositions, textures, and geometries, 

such as roofs or walls but also for their scalability and low cost [50][173][85][53]. Various 

methods, such as the incorporation of nanoparticles and air voids to introduce porosity, can be 

employed to optimize both low solar absorption and enhanced mid-infrared emission in polymeric 

coatings. Efforts to develop paint like coatings with the capability of sub-ambient daytime RC 

have been ongoing for a considerable period. In many of these studies, common pigments found 

in commercial paints such as TiO2, SiO2, BaSO4, and ZnS particles have been employed 

[174][175][26]. Zhang et al. [176] showed the daytime sub-ambient RC capabilities of a 

cellulose/calcium silicate composite film characterized by a broad size distribution of pores. The 

presence of numerous pores and calcium silicate particles contributed to outstanding performance, 

resulting in integrated solar reflectance of 97.3% and atmospheric emittance of 97.2%. Bao et al. 

[175] introduced a double-layer coatings, comprised of a highly reflective top layer with a high 

solar albedo and a bottom layer with enhanced emissivity through the careful design of TiO2, SiO2, 

and SiC nanoparticles. These coatings consist of densely packed TiO2 particles atop closely packed 

SiO2 nanoparticles. When applied to an aluminum substrate, the TiO2 and SiO2 combination 

demonstrates an overall reflectivity of 90.7% in the solar spectrum, coupled with an emittance of 

90.11% within the atmospheric window. Wang et al. [52] presented findings on a polymethyl 

methacrylate (PMMA) film structured hierarchically, featuring a micropore array with pore sizes 

spanning 5 to 7 µm and additional random nanopores with sizes ranging from 200–300 nm. The 

hierarchically porous PMMA film exhibits a solar reflectance of 95% and a high thermal emittance 

in the atmospheric window region, measuring 98%. PVDF-HFP is a compelling polymer employed 

in passive daytime RC. Its notable features include high emissivity within the atmospheric window, 
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attributed to molecular vibrations, coupled with solar radiation transparency. The material is 

characterized by flexibility, thermal stability, and easy modifiability through the incorporation of 

additives or nanoparticles, providing researchers the ability to customize its properties for 

improved RC performance. As an example, Mandal et al. [50] made significant steps in designing 

PVDF-HFP polymeric coatings for passive daytime RC. They utilized a phase inversion-based 

method to introduce random micro-/nano-pores, resulting in impressive properties, including high 

solar reflectance (96%) and elevated longwave infrared emittance (%97). In another study by Ma 

et al. [173], a porous composite was created by integrating silica microspheres into a cast of 

hierarchical porous PVDF-HFP polymer. Through the incorporation of a 12% fraction of SiO2 and 

the influence of superimposed Mie scattering, the solar reflectance saw a notable increase to 94%, 

representing an 11% improvement when compared to traditional white paint. Xue et al. [170] also 

examined adding hydrophobic SiO2 into PVDF-HFP polymer and suggested an approach to 

manufacture a hierarchically structured porous composite possessing super hydrophobicity and 

RC properties using a phase separation. In its pristine state, the porous PVDF-HFP film, without 

SiO2, exhibited a solar reflectance of approximately 95% and LWIR emittance of around 97%. In 

their study, the introduction of a small quantity of silica reduced the solar energy reflectivity to 

93%; however, this addition led to an enhancement in LWIR emittance to 98%. Nilson et al. used 

a polyethylene foil pigmented with TiO2 and BaSO4 to carry out an outdoor experiment regarding 

water condensation applications in Tanzania. They showed that pigmented polyethylene foils 

possessing a high solar reflectance and a high LWIR emittance can effectively collect dew water 

from humid air even in arid regions [177]. Also, low-cost, scalable, and robust plastic micro-

grooved foils designed by Lavielle et al. showed a high enhancement in dew collection without 

aging effects and a great durability after 6 months [178]. While promising results have been 

achieved in lab-scale studies, further research is needed to address the scalability and practical 

applicability of these RC materials. This includes assessing their performance under real-world 

conditions and potential challenges in large-scale implementation. Therefore, there is still an 

opportunity for enhancement in the emissivity within the atmospheric window and solar 

reflectance in the PVDF-HFP polymeric RC system.  

In alignment with the valuable insights from prior studies and the considerations highlighted 

earlier, a phase inversion technique was adopted to craft a hierarchically porous structure for 

PVDF-HFP with the aim of creating an efficient RC material. Parameters critical to the fabrication 
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process, including the polymer, solvent, and nonsolvent mass ratio, and thickness of the samples 

are precisely controlled to optimize solar reflectivity and emissivity over the atmospheric window. 

Leveraging the micro and nano-sized pore distributions within the structure facilitates a notable 

solar reflectivity of 98.2%, a parameter modifiable through variations in the polymer, solvent, and 

nonsolvent concentrations. Furthermore, the associated porous RC sample achieves a substantial 

emissivity of 98.5%, due to the intrinsic infrared resonance of ─CF3/─CF2 positioned within the 

atmospheric window (8−13 µm). Numerical analysis reveals this sample can potentially posses a 

cooling power and steady state cooling temperature of 86 W·m-2 and 291 K, respectively, when 

the convective heat transfer coefficient and ambient temperature are 5 W∙m-2∙K-1 [179] and 300 K, 

respectively. Moreover, an experimental setup is used to simulate dew collection and conduct 

measurements of the water harvesting ability of the developed RC samples. The use of this 

advanced apparatus facilitates a deeper understanding of the RC process and its potential for 

efficient dew harvesting applications, thereby contributing valuable insights to the field. 

 

5.2. Materials and methods 

5.2.1.  Materials  

PVDF-HFP (Sigma-Aldrich, CAS Number: 9011-17-0) with an average molecular weight of 

approximately 400,000 and an average number molecular weight of about 130,000 was employed 

as the primary polymer in this study. Pellets of PVDF-HFP were sourced for the experiments. 

Deionized (DI) water and 99.9% acetone are utilized as the nonsolvent and solvent of the polymer, 

respectively.  

PVDF-HFP was selected for RC samples due to its exceptional combination of thermal, optical, 

mechanical, and chemical properties. PVDF-HFP offers superior thermal stability, maintaining its 

structure and performance under high-temperature fluctuations, which is essential for outdoor 

applications. It exhibits high emissivity in the LWIR region, enabling effective heat radiation into 

the atmospheric window, a critical feature for RC materials. Additionally, PVDF-HFP’s optical 

properties can be easily tailored through porosity or additives, enhancing solar reflectance and 

thermal emissivity. Its flexibility further allows it to conform to curved or edged surfaces, making 

it suitable for diverse applications such as cooling panels and irregularly shaped rooftops, where 

other polymers’ rigidity poses limitations. PVDF-HFP also provides excellent resistance to UV 



92 

 

radiation, moisture, and corrosive chemicals, ensuring long-term durability in outdoor 

environments. Its lightweight nature, cost-effectiveness, scalability, and adaptability to various 

fabrication techniques, such as phase inversion, make PVDF-HFP an ideal choice for high-

performance RC systems. 

 

5.2.2. Fabrication of the porous RC samples  

Phase inversion was used to produce a hybrid micro- and nano-cellular structure in a PVDF-HFP 

film intended for use as a RC material in this investigation. Precursor solutions with different mass 

ratios of PVDF-HFP, acetone, and water were obtained. In this method, PVDF-HFP was initially 

dissolved in acetone under reflux conditions with continuous mechanical stirring, aiming to create 

a uniform casting solution. The PVDF-HFP concentration in the solution varied with mass ratios 

of 0.75, 1, and 1.25 relative to the acetone mass ratio of 8, and this process occurred at a 

temperature of 40˚C. During stirring, deionized water, accounting for 0.75, 1, and 1.25 relative to 

the acetone mass ratio of 8, was gradually introduced until homogeneity was achieved. The stirring 

was then halted, allowing the solution to stand undisturbed for 1 h to cool down. Subsequently, the 

casting solution was applied to a pristine glass plate. Upon the completion of acetone and water 

evaporation, the outcome was the formation of white, opaque porous RC film samples. Table 5.1 

presents the polymer and water concentrations for each sample, along with their corresponding 

identifications used in this study. Additionally, Table 5.2 provides details on the samples 

investigated at various thicknesses, including their respective identifications. To achieve different 

thicknesses of the samples, varying volumes of the polymer solution were poured onto the 

substrate. After the solutions were allowed to dry, the resulting films had different thicknesses, 

which were then used for further investigation. 

 

Table 5.1 Composition and identification of the samples investigated in the study. 

Sample 
PVDF-HFP 

concentration (w/w) 

Water concentration 

(w/w) 
Identification 

Sample 1 0.75 0.75 0.75-8-0.75 

Sample 2 0.75 1 0.75-8-1 



93 

 

Sample 3 0.75 1.25 0.75-8-1.25 

Sample 4 1 0.75 1-8-0.75 

Sample 5 1 1 1-8-1 

Sample 6 1 1.25 1-8-1.25 

Sample 7 1.25 0.75 1.25-8-0.75 

Sample 8 1.25 1 1.25-8-1 

Sample 9 1.25 1.25 1.25-8-1.25 

 

 

 

Table 5.2 Sample thickness and corresponding identifications for variants of sample 6. 

Sample Thickness (µm)  Identification 

Sample 6_320 320 1-8-1.25_320  

Sample 6_612 612 1-8-1.25_612 

Sample 6_726 726 1-8-1.25_726 

Sample 6_850 850 1-8-1.25_850 

 

5.2.3. Characterization of the porous RC samples  

For phase morphology observation, the porous PVDF-HFP film samples were cryo-fractured and 

examined using a scanning electron microscope (SEM, Thermofisher Quanta 3D). The 

functionality of the RC materials was also assessed in terms of optical performance, including 

spectral reflection, transmission, and absorption, within the wavelength ranges of 0.3–2.5 μm, 

covering the ultraviolet, visible, and near-infrared spectrums, using a UV-Vis-NIR 

spectrophotometer. Additionally, the optical behavior in the mid-infrared wavelength ranges was 

examined through Fourier transform infrared (FTIR) spectroscopy, Bruker Vertex 70 FTIR 

Spectrometer. The EM-4 Emissometer was also employed to measure and analyze the total 

directional LWIR emissive properties of the fabricated materials at about 390 K (e.g. wavelengths 

8-12 μm) using which the total hemispheric emissivity was calculated.  
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5.2.4. Theoretical assessments of radiative cooling efficiency 

A RC material structure exposed to the sky undergoes thermal energy exchange with its 

surroundings. Simultaneously radiating heat to outer space (𝑃𝑅𝐶), it is subject to influences from 

solar irradiance (𝑃𝑠𝑜𝑙𝑎𝑟), atmospheric downward thermal radiation (𝑃𝑎𝑡𝑚), and incoming 

convective thermal energy from the ambient surroundings (𝑃𝐶𝑜𝑛𝑣.). Consequently, the net cooling 

power of a sky-facing RC material structure can be computed as follows [2][52]: 

𝑃 net,𝐶𝑜𝑜𝑙(𝑇𝑅𝐶) = 𝑃𝑅𝐶(𝑇𝑅𝐶) − 𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) − 𝑃𝑆𝑜𝑙𝑎𝑟−𝑃𝐶𝑜𝑛𝑣.(𝑇𝑅𝐶 , 𝑇𝑎𝑚𝑏) (5.1) 

 

where 𝑇𝑅𝐶 and 𝑇𝑎𝑚𝑏 are the RC sample and ambient temperatures, respectively. The following 

equations can be employed to calculate these thermal exchange factors:  

𝑃𝑅𝐶 (𝑇𝑅𝐶)= 𝐴 2𝜋 ∫ sin 𝜃𝑐𝑜𝑠𝜃 ∫  𝐼𝐵𝐵(𝑇𝑅𝐶 , 𝜆) 𝜀𝑅𝐶 (𝜆)
∞

0
𝑑𝜆 𝑑𝜃

𝜋

2
0

 (5.2) 

𝑃𝑎𝑡𝑚 (𝑇𝑎𝑚𝑏) = 𝐴 2𝜋 ∫ sin 𝜃 𝑐𝑜𝑠𝜃 ∫  𝐼𝐵𝐵(𝑇𝑎𝑚𝑏 , 𝜆) 𝜀𝑅𝐶 (𝜆) 𝜀𝑎𝑡𝑚 (𝜆, 𝜃)𝑑𝜆
∞

0
𝑑𝜃

𝜋

2
0

 (5.3) 

𝑃Solar = 𝐴 ∫  𝐺𝐴𝑀1.5 (𝜆) 𝜀𝑅𝐶 (𝜆)
∞

0
𝑑𝜆 = 1000 × (1 −  𝑅̅𝑠𝑜𝑙𝑎𝑟) (5.4) 

𝑃𝐶𝑜𝑛𝑣.  =  𝐴 ℎ (𝑇𝑎𝑡𝑚 – 𝑇𝑅𝐶  ) (5.5) 

 

In these equations, 𝐴 denotes the area of the top surface of the radiator, λ represents the wavelength 

of radiation, and  𝐼𝐵𝐵 is the spectral intensity of a blackbody, which can be determined using 

Planck’s law. The sky temperature and the emissivity of the sky are assumed to be 0 K and 1, 

respectively. 𝜀𝑅𝐶 (𝜆) represents the spectral emittance of the radiator, considered independent of 

direction. 𝜀𝑎𝑡𝑚 (𝜆, 𝜃) denotes the spectral directional emittance of the atmosphere and can be 

determined as follows [180][52], where 𝜏 (𝜆) is the spectral atmospheric transmittance in the 

normal direction: 

𝜀𝑎𝑡𝑚 (𝜆, 𝜃) = 1 −  𝜏 (𝜆)1/ cos 𝜃 (5.6) 

The relationship between atmospheric transmittance and emissivity is expressed as 
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𝜀𝑎𝑡𝑚 (𝜆, 𝜃) = 1 −  𝑡𝑎𝑡𝑚 (𝜆, 𝜃) (5.7) 

𝑡𝑎𝑡𝑚 (𝜆, 𝜃) =  𝜏 (𝜆)1/ cos 𝜃 (5.8) 

In this study, the entire atmospheric layer, from ground to outer space, is modeled as a unified 

medium, and the ambient temperature is used as a substitute for the variable temperature, which 

naturally fluctuates with altitude. 𝜏 (𝜆) is obtained using ATRAN, a software computing the 

spectral transmittance of Earth's atmosphere in different locations, specifically for Toronto, 

Canada. The effects of radiation reflected from the atmosphere on the cooling performance of the 

radiative cooler are neglected. 𝐺𝐴𝑀1.5 (𝜆) represents the solar air mass 1.5 (AM1.5) irradiance 

spectrum and ℎ indicates the convective heat transfer coefficient. For the analysis, it is assumed 

that the solar irradiance is constant at 1000 W·m-2, representing typical conditions for direct solar 

exposure at noon time. This allows for the simplification of the maximum absorbed solar power, 

which can be expressed in relation to the average solar reflectance (𝑅̅𝑠𝑜𝑙𝑎𝑟) of the material 

To achieve successful passive daytime RC, an object must minimize heat gain from the solar 

energy and maximize the thermal energy radiated from the RC to the cold sky above. Achieving 

this goal requires a RC surface with a high 𝑅̅𝑠𝑜𝑙𝑎𝑟 as well as a high average hemispherical LWIR 

emittance (𝜀𝐿̅𝑊𝐼𝑅), which can be calculated using the following equations: 

𝑅̅𝑠𝑜𝑙𝑎𝑟 = 
∫  𝐺𝐴𝑀1.5(𝜆) 𝑅𝑠𝑜𝑙𝑎𝑟(𝜆)

∞

0 𝑑𝜆

∫  𝐺𝐴𝑀1.5(𝜆)
∞

0 𝑑𝜆
 (5.9) 

𝜀𝐿̅𝑊𝐼𝑅 = 
∫  𝐼𝐵𝐵(𝑇𝑅𝐶,𝜆) 𝜀𝑅𝐶 (𝑇𝑅𝐶,𝜆)

13 𝜇𝑚
8 𝜇𝑚 𝑑𝜆

∫  𝐼𝐵𝐵(𝑇𝑅𝐶,𝜆)
13 𝜇𝑚

8 𝜇𝑚 𝑑𝜆
 (5.10) 

where 𝑅𝑠𝑜𝑙𝑎𝑟(𝜆) and 𝜀𝑅𝐶 (𝑇𝑅𝐶 , 𝜆) are spectral hemispherical reflectance and spectral hemispherical 

emittance of the RC material.  

 

5.3. Results and discussions 
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5.3.1. Phase morphology of porous PVDF-HFP samples 

The cross-sectional SEM micrographs of the PVDF-HFP porous samples presented in Figures 5.1 

a-i offer invaluable insights into the morphological changes induced by altering the water and 

polymer contents during the fabrication process. Comparing the SEM micrographs at the same 

PVDF-HFP polymer content but different water contents reveals that an increase in water content 

resulted in a discernible transformation towards a more porous architecture. That is, with rising 

water content, specifically from a water-to-acetone concentration ratio of 1 to 1.25, while keeping 

the polymer content constant, an increase in pore sizes observed. Furthermore, at a water-to-

acetone ratio of 1.25 to 8, regardless of polymer concentrations, a distinctive a bimodal distribution 

of the nano and micro pore sizes was observed, suggesting the successful creation of fine-tuned 

porous structures within the PVDF-HFP films. Micro-sized pores become more prevalent with 

averages sizes of 4.8 ± 0.8 μm, 8.18 ± 1.6 μm, and 5.0 ± 0.9 μm (the uncertainty is the standard 

deviation of the distribution shown in Fig. 2 c, f, and i), corresponding for samples with polymer-

to-acetone-to-water ratios of 0.75-8-1.25, 1-8-1.25, and 1.25-8-1.25, respectively. The observed 

phenomenon regarding an increase in water content can be attributed to three main factors. Firstly, 

water, being a non-solvent for PVDF-HFP, induces a phase separation during the casting process. 

This separation leads to the creation of distinct polymer-rich and polymer-lean regions, 

contributing to the development of a porous structure. Secondly, the presence of water vapor acts 

as a nucleating agent for pore formation. As the vapor permeates through the polymer solution, it 

initiates the nucleation of micro-sized pores. With increasing water content, more nucleation sites 

are available, leading to the growth of a higher density of micro-sized pores within the material. 

Thirdly, higher water content accelerates the evaporation of the solvent (e.g., acetone in this study) 

and facilitates quicker phase separation. This rapid separation allows for the formation of a more 

porous structure with well-defined micro-sized pores. Therefore, the heightened evaporation rate 

and accelerated phase separation collectively contribute to the observed increase in porosity. 

However, according to the SEM images of samples with different polymer contents but a constant 

water concentration a different trend emerges. For example, as the polymer-to-acetone content 

rises from 0.75 to 1 and 1.25 in samples with a high consistent water-to-acetone concentration ratio 

of 1.25, an initial expansion in pore sizes from 4.8 ± 0.8 μm to 8.2 ± 1.6 μm, is observed, succeeded 

by a subsequent decrease to 5.0 ± 0.9 μm. Thermodynamically, phase separation occurs due to the 

non-solvency of the polymer (PVDF-HFP) in the solvent (Acetone)-water system particularly with 
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high water concentrations. Further, at higher water concentrations the presence of excess water 

reduces the solubility of the polymer in the solvent, leading to a stronger driving force for phase 

separation. Increasing the polymer content in this regime can more readily overcome the energetic 

barrier for phase separation, resulting in larger changes in pore sizes. Therefore, increasing the 

polymer concentration in high water concentration systems enhances the driving force for phase 

separation, leading to the formation of larger pores due to the stronger segregation of the polymer-

rich and polymer-lean phases. As polymer content rises, the solvent-water system becomes less 

favorable for polymer solvation, leading to the spontaneous separation of the polymer-rich and 

polymer-lean phases. Since the polymer concentration continues to increase, the solution viscosity 

becomes significantly higher. This increased viscosity can hinder the mobility of polymer chains 

and solvent molecules, slowing down the phase separation process and the diffusion of solvent and 

water molecules out of the system. As a result, there may be less time for the formation and growth 

of large pores before the solution solidifies or sets. Conversely, at lower water concentrations, the 

polymer-solvent system tends to be closer to a single-phase region compared to higher water 

concentrations. In this scenario, the thermodynamic driving force for phase separation is weaker 

due to the higher solubility of the polymer in the solvent. As a result, even with an increase in 

polymer content, the system may not reach the threshold required for significant phase separation 

and pore growth. An increase in pore sizes is observed with rising water content, specifically from 

1 to 1.25 while keeping the polymer content. In samples with water content of 0.75, the limited 

availability of the water as the nonsolvent leads to a slower phase separation during the phase 

separation process which favors the formation of finer pores with nano sizes. When water content 

increases to levels of 1.25 the phase separation dynamic increases significantly. The higher level 

of the nonsolvent accelerates the phase separation this results in the formation of the micropores 

as the primary structure with nano pores forming inside the nano pores.   
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Figure 5.1. SEM images of the samples with different concentration of the polymer and water at the same 

magnification. 

 

 

5.3.2. Solar reflectance: UV-Vis-NIR spectroscopy + Albedo calculations 

Figures 5.2 a-f illustrates the impact of varying water and polymer contents on the reflectivity of 

the produced hierarchically porous PVDF-HFP samples within the solar energy region (0.3 to 2.5 

μm). The tables inset within the figures provide the average solar reflectance (𝑅̅𝑠𝑜𝑙𝑎𝑟, albedo) 

values corresponding to each porous sample obtained using Equation 5.9, offering precise 

numerical insights into their reflective behavior. The results from Figures 3 a-c depict a clear trend 

showcasing the influence of water concentration on reflectivity. As the water-to-acetone 

concentration ratio increases from 0.75 to 1 and 1.25, there is a noticeable rise in reflectivity 

regardless of the polymer-to-acetone concentration ratio (0.75, 1, and 1.25). This observed 
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increment underscores the significance of water content in tailoring the reflective properties of the 

PVDF-HFP material for effective RC. The observed increase in reflectance with elevated water 

concentrations can be attributed to the micro- and nano-cellular structure formed during the phase 

inversion process. The introduction of water at higher concentrations contributes to the formation 

of a more porous structure, leading to increased reflectance. The microporous walls obtained when 

the water-to-acetone concentration is 1.25 exhibit strong light scattering properties which is 

attributed to Mie scattering. According to Mie theory, when light interacts with particles 

comparable in size to their wavelength, scattering contributes significantly to the increased 

reflectivity. The presence of microporous walls in this specific size range allows for effective 

scattering of sunlight, enhancing the reflective capabilities of the PVDF-HFP composite. The 

porous structures created introduce a mismatch in the refractive index between the PVDF-HFP 

matrix and the air within the pores. This refractive index discontinuity plays a crucial role in 

strongly scattering light in the solar spectral range. The variation in refractive indices induces 

multiple light reflections and refractions at the interface between the polymer matrix and the air-

filled pores, leading to enhanced light scattering. The observed increase in reflectivity at higher 

water contents aligns with the structural refinement, as discussed with reference to the SEM images 

in Section 5.3.1. Conversely, Figures 5.2 d-f reveal a phenomenon where, while holding water 

content constant, an initial increase in the polymer-to-acetone concentration ratio from 0.75 to 1 

leads to an elevation in reflectivity, followed by a subsequent decline upon further increasing the 

polymer content to 1.25. Higher polymer concentrations may lead to a denser and less porous 

structure, which can result in reduced light scattering and, consequently, lower reflectance. Figure 

5.3 also illustrates how 𝑅̅𝑠𝑜𝑙𝑎𝑟 varies with increasing water concentration (Figure 5.3 a) and 

polymer (PVDF-HFP) concentration (Figure 5.3 b). The observed reflectance going above 100% 

at short wavelengths can occur due to the higher reflectance of the porous samples compared to 

the reference at shorter wavelengths, and it can be attributed to its optimized design and intrinsic 

optical properties. The porous material’s tailored refractive index and surface morphology enhance 

its reflectivity in this spectral range. Additionally, the reference material may experience greater 

absorption or scattering losses at shorter wavelengths, further highlighting the superior 

performance of the developed bimodal pores sized polymeric materials in this regime. 
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Figure 5.2. Reflectance from 300 to 2,500 nm measured using UV-Vis-NIR spectroscopy when (a)-(c) the 

polymer concentration is fixed and the water content used to fabricate the samples changes, and (d)-(f) 

the water content is fixed, and the polymer concentration used to fabricate the samples changes. 
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Figure 5.3. 𝑅̅𝑠𝑜𝑙𝑎𝑟 of samples as a function of (a) the water concentration and (b) the polymer (PVDF-

HFP) concentration used to fabricate the samples. 

 

5.3.3. LWIR thermal emission: FTIR spectroscopy + EM-4 Emissometer 

Figure 5.4 illustrates the spectral emittance of the samples in the LWIR region using FTIR 

spectroscopy. The insets complement this data by providing information on the average 

hemispherical emittance (𝜀𝐿̅𝑊𝐼𝑅) of the samples calculated using Equation 5.10. The molecular 

structure of P(VDF-HFP), characterized by C–F bonds, exhibits strong vibrational modes in the 

infrared spectrum. The C-F stretching vibrations in PVDF-HFP typically occur at 1100 cm⁻¹, 

corresponding to a wavelength of approximately 9.09 μm, and at 1200 cm⁻¹, corresponding to a 

wavelength of approximately 8.33 μm. Additionally, the C-F bending vibration appears at 700 

cm⁻¹, which corresponds to a wavelength of approximately 14.29 μm [181]. Additionally, the 

porous structure of PVDF-HFP can influence its mid-infrared emissivity to a certain extent. The 

highest emittance, measured at 98.5%, is associated with sample 1-8-1.25. This notable value 

underscores the material's effectiveness in emitting infrared radiation within the LWIR region. 

Furthermore, the total directional emissivity of sample 1-8-1.25, measured at normal direction and 

390 K using the Emissometer EM4, is determined to be 99.5%. Correspondingly, the total 

hemispherical emissivity calculated for sample 1-8-1.25 is 98.9%. 
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Figure 5.4. Emittance spectra of the samples obtained using FTIR spectroscopy with the average 

hemispherical emittance (𝜀𝐿̅𝑊𝐼𝑅) of the samples calculated using Equation 5.10.  

 

5.3.4. Cooling power calculations 

Figure 5.5 depicts the cooling performance calculations alongside a graph (Figure 5.5 c) 

summarizing the optical properties (average solar reflectance, 𝑅̅𝑠𝑜𝑙𝑎𝑟, and average LWIR 

emissivity, 𝜀𝐿̅𝑊𝐼𝑅) of the samples investigated in this study. In Figure 5.5 a, a bar chart displays the 

radiative heat transfer from the radiator to outer space (𝑃𝑅𝐶), solar energy absorbed by the sample 

(𝑃𝑠𝑜𝑙𝑎𝑟), absorbed atmospheric downward thermal radiation (𝑃𝑎𝑡𝑚), and the net cooling power, 

𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙, which is the cumulative effect of all factors. Negative values for 𝑃𝑠𝑜𝑙𝑎𝑟 and 𝑃𝑎𝑡𝑚 indicate 

the absorbed thermal energy by the samples, leading to decreased cooling power. These results are 

derived under conditions where the convective thermal energy from the ambient surroundings 

(𝑃𝐶𝑜𝑛𝑣.) is assumed to be zero (𝑇𝑅𝐶 =  𝑇𝑎𝑚𝑏 = 300 K). Notably, sample 1-8-1.25 demonstrates the 

highest net cooling power (𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙 = 86 W∙m-2), correlating with its elevated values of  𝑅̅𝑠𝑜𝑙𝑎𝑟 

and 𝜀𝐿̅𝑊𝐼𝑅 , reaching 98.2% and 98.5%, respectively. This indicates that as 𝑅̅𝑠𝑜𝑙𝑎𝑟 is high, the 

sample experiences low solar energy absorption, resulting in a decreased 𝑃𝑠𝑜𝑙𝑎𝑟 and an increased 

𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙. Additionally, with an increase in 𝜀𝐿̅𝑊𝐼𝑅, the 𝑃𝑅𝐶 enhances which increases the 𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙. 

Figure 5.5 b presents a comparative analysis of the cooling power (𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙) for the samples as a 

function of the radiator temperature (𝑇𝑅𝐶), considering a heat exchange coefficient of h = 5 W∙m-

2∙K-1 and 𝑇𝑎𝑡𝑚 = 300 K. The steady-state temperature of the samples, 𝑇𝑅𝐶−𝑠𝑠, is the equilibrium 

temperature where the net cooling power equals zero, 𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙 = 0 W∙m-2. This steady-state 

temperature is determined by solving Equation 5.1 and can be extracted from Figure 5.5 b. The 

corresponding values are listed in Table 5.3. Additionally, there is a correlation between the steady-
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state temperature of the samples and their optical properties. The lowest steady-state temperature 

is calculated for sample 1-8-1.25, which has the highest 𝑅̅𝑠𝑜𝑙𝑎𝑟 and 𝜀𝐿̅𝑊𝐼𝑅 values (𝑇𝑅𝐶−𝑠𝑠 = 291 K). 

This is followed by sample 1.25-8-1.25, which exhibits the second-highest values of 𝑅̅𝑠𝑜𝑙𝑎𝑟 and 

𝜀𝐿̅𝑊𝐼𝑅 (resulting in 𝑇𝑅𝐶−𝑠𝑠 = 292 K). Furthermore, Figure 5.5 d showcases the net cooling potential 

of the optimized sample (1-8-1.25) under varying environmental conditions of the convective heat 

transfer coefficient (h), ranging from 0 W∙m-2∙K-1 to 12 W∙m-2∙K-1, assuming 𝑇𝑎𝑚𝑏 = 300 K. Table 

5.4 summarizes the 𝑇𝑅𝐶−𝑠𝑠 results from Figure 5.5 d for sample 1-8-1.25 across different h values. 

This underscores the significant impact of the convective heat transfer coefficient on the cooling 

performance, as higher h values lead to increased ambient thermal influences and consequently 

higher steady-state temperatures. Conversely, in near-vacuum conditions, where h = 0 W∙m-2∙K-1, 

the sample demonstrates its optimal cooling capability with substantially lower steady-state 

temperatures. Remarkably, under vacuum conditions, sample 1-8-1.25 potentially exhibits an 

extraordinary 𝑇𝑅𝐶−𝑠𝑠 of 281 K. 

  

Figure 5.5. (a) Power parameters involved in daytime RC performance of all samples. (b) Net cooling 

power (𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙) for the samples as a function of the radiator temperature (𝑇𝑅𝐶). (c) Optical properties 
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(𝑅̅𝑠𝑜𝑙𝑎𝑟 and 𝜀𝐿̅𝑊𝐼𝑅) of the samples.  (d) Net cooling power of the optimized sample (1-8-1.25) under 

different convective heat transfer coefficient (h) values.  

  

Table 5.4.The steady state cooling temperatures (𝑇𝑅𝐶−𝑆𝑆) of the samples when 𝑃𝑛𝑒𝑡,𝐶𝑜𝑜𝑙 = 0, h = 5 W·m-

2·K-1, 𝑇𝑎𝑚𝑏 = 300 K 

Sample 
0.75-8-

0.75 
0.75-8-1 

0.75-8-

1.25 
1-8-0.75 1-8-1 1-8-1.25 

1.25-8-

0.75 
1.25-8-1 

1.25-8-

1.25 

𝑇𝑅𝐶−𝑆𝑆 

(K) 
296 295 293 294 293 291 296 295 292 

 

Table 5.5. The steady state cooling temperatures (𝑇𝑅𝐶−𝑆𝑆) of the sample 1-8-1.25 under different h values. 

h (W∙m
-

2
∙K

-1
) 

0 3 5 8 10 12 

𝑇𝑅𝐶−𝑆𝑆 

(K) 
281 289 291 293 294 295 

 

 

Steady-State Temperature vs. Cooling Power: The steady-state temperature as a performance 

measure for RC material structures directly shows the system’s capability to sustain a surface 

cooled under specific environmental conditions. Steady-state temperature reflects the balance 

between all the thermal interaction of the RC and the surrounding such as the incoming solar 

radiation, outgoing thermal radiation, and nonradiative heat exchange with the surroundings, 

offering a clear metric for the effectiveness of RC materials in real-world applications. This 

measure is particularly relevant for passive applications where the temperature is playing a huge 

role like rooftop cooling, where the goal is to reduce surface or interior temperatures sustainably. 

It provides a direct understanding of how the material will perform under prolonged exposure to 

ambient conditions. 
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In contrast, cooling power is a dynamic metric that quantifies the net heat flux (measured in W∙m-

2) removed by the material under specific conditions, such as a set ambient temperature and solar 

irradiance. Cooling power is valuable for comparing the intrinsic thermal performance of different 

RC materials and is more versatile for engineering applications where energy balance is critical, 

such as in heat dissipation for electronics or refrigerated systems. 

The relationship between these metrics and applications depends on the priorities of the use case. 

For example, in building applications, steady-state temperature may be prioritized to ensure 

consistent cooling over time. In contrast, for refrigeration or industrial systems, cooling power is 

more relevant to evaluate the material’s capacity to offset heat loads under varying operational 

conditions. Both metrics are interrelated; materials with high cooling power typically achieve 

lower steady-state temperatures under comparable conditions. However, external factors like 

thermal mass, convective heat transfer, and environmental variability can affect how closely these 

metrics correlate, highlighting the need to select the most appropriate metric based on the specific 

application. 

 

5.3.5. Effects of thickness of the RC films 

Figure 5.6 provides comprehensive insights into the effects of thickness variations on the 

morphology, optical properties, and cooling performance of the RC samples. The SEM images 

(Figure 5.5 a-d) depict the microstructural characteristics of four samples with identical 

compositions of water and polymer (1-8-1.25) but differing thicknesses of 320 μm, 612 μm, 726 

μm, and 850 μm. Concurrently, bar charts derived from SEM images illustrate the pore size 

distributions present within each sample. The SEM images illustrate that as the thickness increases 

from 320 μm to 612 μm, there is some escalation in pore sizes (~ 33%), averaging from 6.82 ± 

1.32 μm to 9.10 ± 1.77 μm. However, beyond this thickness range, further increases do not 

significantly alter pore sizes. In general, the relationship between thickness and pore size can be 

complex and influenced by multiple factors. In some conditions, thicker layers of polymer solution 

tend to exhibit larger and more widely distributed pores compared to thinner layers. This 

phenomenon arises due to prolonged evaporation times, allowing for greater solvent diffusion and 

subsequent phase separation. As a result, thicker layers may yield materials with coarser pore 

structures and higher porosity. In other words, thinner samples have a higher surface-to-volume 
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ratio compared to thicker samples. This means that a larger proportion of the material is exposed 

to the surrounding environment during evaporation. As a result, solvent evaporation occurs more 

rapidly at the surface of thinner samples, leading to the formation of smaller pores. Moreover, 

thinner layers of polymer solution tend to promote more uniform solvent evaporation and phase 

separation, leading to greater structural homogeneity in the final material. Conversely, thicker 

layers may exhibit greater variability in pore size and distribution, resulting in a less homogeneous 

structure. Figures 5.6 e and 5.6 f shows the effects of sample thickness on their solar reflectance 

and LWIR emittance. There is a rise in both the reflectance and the LWIR emittance of the samples 

as their thickness increases. Figures 5.6 g also shows 𝑅̅𝑠𝑜𝑙𝑎𝑟 and 𝜀𝐿̅𝑊𝐼𝑅 values calculated for the 1-

8-1.25 samples with different thicknesses (Samples 1-8-1.25_320, 1-8-1.25_612, 1-8-1.25_726, 

and 1-8-1.25_850). That is, as the thickness of the 1-8-1.25 sample increases from 320 μm to 850 

μm, 𝑅̅𝑠𝑜𝑙𝑎𝑟 increases from 90.3% to 98.2% and 𝜀𝐿̅𝑊𝐼𝑅 increase from 93% to 98.5%, respectively. 

Thicker samples provide a longer optical path length for incident solar radiation and this increased 

path length allows for more interactions between the radiation and the material, resulting in higher 

reflectance. Higher sample thicknesses also typically mean a higher density of polymer material, 

thereby enhancing 𝜀𝐿̅𝑊𝐼𝑅 . Moreover, the abundant presence of a hierarchically porous structure, 

which alters the effective refractive index and facilitates a smoother transition across the polymer-

air interface, improves the impedance matching between the porous polymer and surrounding air 

and diminishes surface reflectance, thereby consistently enhancing emissivity of the samples in 

LWIR wavelengths [52]. 
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Figure 5.6. (a)-(d) SEM images, (e)-(g) reflectance, emittance, 𝑅̅𝑠𝑜𝑙𝑎𝑟, 𝜀𝐿̅𝑊𝐼𝑅 results, and (h) the net cooling 

power of the sample 1-8-1.25 with different thicknesses. 

 

5.4. Conclusion 

This study focuses on the development of effective porous polymeric materials for RC 

applications, with an emphasis placed on how the tailoring of pore structures can enhance both 

optical properties and cooling performance. The concentrations of water and polymer, as well as 

the thickness of the films, were varied to optimize the material characteristics for improved RC 
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capabilities. In this investigation, adjustments were made to the water-to-acetone and polymer to-

acetone ratios to evaluate their impact on the optical and thermal properties of PVDF-HFP 

hierarchical porous films. It was observed that variations in water concentrations significantly 

affected pore size, distribution, and density, which in turn influenced the optical properties of the 

samples, particularly their solar. The sample designated as (1-8-1.25), characterized by a polymer 

to-acetone ratio of 1 and a water-to-acetone ratio of 1.25, exhibited remarkable optical properties, 

achieving an average solar reflectance (𝑅̅𝑠𝑜𝑙𝑎𝑟) of 98.2% and an average LWIR emittance (𝜀𝐿̅𝑊𝐼𝑅 ) 

of 98.5%. These high values were correlated with a net cooling power (𝑃𝑛𝑒𝑡, 𝐶𝑜𝑜𝑙) of 86 W·m⁻² 

under an intense solar irradiance of 1000 W·m⁻², indicating effective RC capabilities. Significant 

impacts on pore size and distribution were revealed through the analysis of sample thickness. 

  



109 

 

 

Chapter 6 

6. Experimental evaluation of outdoor radiative cooling 

performance and dew condensation via RC  

6.1. Introduction 

This chapter presents the experimental methodologies and setups used to evaluate the performance 

of RC materials under outdoor conditions and in a controlled environment for dew condensation. 

The outdoor rooftop experiments were designed to assess the cooling potential of the RC samples 

by monitoring temperature variations in different configurations, while the indoor setup aimed to 

simulate dew collection through RC under controlled climate conditions. Both methods are 

intended to provide a comprehensive understanding of the cooling effectiveness of the porous 

PVDF-HFP RC materials and also their capability to enhance dew formation, with the potential 

for applications in energy-efficient systems and water harvesting in arid regions. 

The first part of the chapter details the design and implementation of the rooftop experimental 

setup, where the RC samples are tested alongside blackbody references. Different scenarios are 

considered to isolate and compare the RC effects, including the use of mirrors, insulation, and 

parabolic reflectors. The second part focuses on the dew condensation experiments carried out in 

a climate-controlled chamber, simulating nocturnal conditions. The experimental setups and 
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procedures provide a framework for assessing the performance of RC materials in practical 

applications.  

 

6.2. Methods  

6.2.1. Outdoor radiative cooling performance  

To evaluate the cooling potential of the developed RC material structures, an outdoor rooftop 

experimental setup was designed (Figure 6.1). This setup consists of several test configurations to 

compare the RC effects under varying conditions. The following cases were tested: 

I. Parabolic Reflector Embedding RC: The RC sample, a 2 cm diameter disk, is positioned 

at the focal point of a parabolic dish from Opti-Forms, Inc. (Model P25-300). This 

parabolic dish has an outer diameter of 6.072 inches (15.42 cm), a focal length of 1 inch 

(2.54 cm), and is made of electroformed nickel with an SiO₂ (AQ) thin-film coating, 

providing a highly reflective surface with excellent optical properties. The RC sample is 

mounted on a thin needle, maximizing exposure to direct radiative heat transfer. 

II. Parabolic Reflector Embedding Blackbody: A 2 cm diameter blackbody reference 

sample, made of aluminum oxide blackbody tape, is placed at the focal point of an identical 

P25-300 parabolic dish from Opti-Forms, Inc. This configuration allows for a direct 

comparison of the cooling effects between the RC sample and an ideal blackbody. The 

blackbody sample is also mounted on a thin needle for precision positioning. 

III. Parabolic Blackbody Embedding RC: The RC sample (2 cm in diameter) is placed at the 

focal point of a parabola with the same dimensions of the P25-300 parabolic dish from 

Opti-Forms, Inc. coated with blackbody tape (aluminum oxide-based). This setup allows 

the blackbody coating to influence heat absorption and emission, contrasting with the 

reflective parabolic setup to analyze the effect on radiative cooling. 

IV. Flat Reflector Embedding RC: The RC sample, a 2 cm diameter disk, is positioned on a 

needle at the center of a flat reflective aluminum square mirror (50 cm side length with 5 

cm edges) from Anomet Inc. This mirror is crafted from anodized reflective aluminum, 
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offering high durability and enhanced solar reflectivity to simulate an infinite flat reflective 

surface beneath the RC sample. 

V. Flat Blackbody Embedding RC: The RC sample (2 cm diameter) is mounted on a needle 

and placed at the center of an identical 50 cm square flat surface covered with blackbody 

tape (aluminum oxide). This configuration serves to compare the cooling performance of 

the RC material on a reflective surface versus a blackbody-coated surface, highlighting 

differences in heat transfer behavior between the two surfaces. 

The radiative cooling (RC) performance of sample 1-8-1.25 (850 μm in thickness) was measured 

from 5:00 PM on October 11th, 2024, to 5:30 PM on October 12th, 2024. This continuous thermal 

measurement was conducted on the flat roof of the five-story Bergeron Centre for Engineering 

Excellence under clear sky conditions in Toronto, Canada. Both the RC and blackbody samples 

were disks with a diameter of 2 cm. Omega J-type thermocouples, applied with thermoconductive 

paste, were attached to measure temperatures directly beneath the samples and in the surrounding 

air. Environmental conditions, including relative humidity and wind speed, were monitored using 

an Extech SDL350 data logger, while hemispherical solar irradiance was measured using a 

Hukseflux SR05 pyranometer. This setup allowed for the accurate recording of air temperature, 

sample temperature, and solar irradiance over time, with the apparatus positioned on a rooftop to 

reflect realistic outdoor conditions. 
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Figure 6.1. Experimental setup for evaluating radiative cooling performance of various configurations. 

 

6.2.2. Dew condensation experimental setup  

Herein, the experimental setup and methods to produce dew collection via RC are described. This 

setup, developed by the LIED group (UMR 8236 Laboratoire Interdisciplinaire des Energies de 

Demain) at Université Paris Cité following the initial design by Trosseille et al. [182], aims to 

overcome the limitations of outdoor experiments, such as weather variability, experiment duration, 

and associated costs. The setup tests the ability of samples to collect dew via the RC process in a 

controlled indoor environment. The device developed by the LIED group replicates the natural 

phenomenon of radiative dew formation in a laboratory setting by using radiative exchange with 

a cold source in a climate-controlled chamber. This setup allows for the collection of quantitative 

data on the dynamics of the dew formation process. The basic requirements for simulating natural 

dew include exposing the condensation surface (also known as the "dew collector") to an 

exclusively radiative thermal deficit and surrounding it with humid air at controlled temperature 

and relative humidity. A high content of water vapor in the air is essential to mimic nocturnal 

conditions. Figure 6.2 illustrates the setup and provides a schematic representation of its developed 

components. The experimental setup consists of the following components: 
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Climate-Controlled Chamber (1): Controls the climate conditions, with the temperature set at 

30˚C and the humidity at 90%. 

Cold Source (2): Solid carbon dioxide (dry ice) is used as the cold source. Dry ice pellets in the 

form of cylinders with a thickness of about 1 cm and length of 1 to 5 cm are stored in a Styrofoam 

box. The temperature of dry ice in equilibrium with its vapor at atmospheric pressure is 194.7 K, 

ensuring a constant temperature of the cold source. During sublimation, no liquid carbon dioxide 

is formed, simplifying its use. Although the sublimation rate is low, refilling the vessel every few 

hours is necessary to maintain a near-constant dry ice level and stabilized radiative heat flux. When 

exposed to room humid air, dry ice pellets become covered by a layer of frozen water forming ice 

crystals, which may affect the surface temperature. Despite this layer, no significant modification 

of the RC power is observed. The ice water emissivity is approximately εg ≈ 0.98, and the presence 

of water crystals suggests diffuse emission of infrared light, allowing the cold source to be 

considered as a black body. Additionally, the density of CO2 in its gaseous form at 194.7 K is 

higher than the density of air, causing the cold CO2 vapor to flow downward and not disturb the 

window situated above the cold source. 

Dew Collector (3): The RC samples used for testing, placed on a sample holder (4) inside the 

cylindrical chamber. 

Sample Holder (4): Holds the dew collector, with dimensions of 3×3×1 cm3. 

Cylindrical Chamber (5): A chamber with a height of 10 cm and an internal diameter of 8 cm, 

covered with aluminum inside to facilitate radiative exchange between the cold source and the RC 

samples located atop the sample holder. 

Balance (6): Measures the mass of condensed water placed underneath the sample holder. 

IR Transparent Double Windows (7): Separates the chamber from the cold source, allowing 

radiative heat exchange while preventing humid air from condensing on the window. Ventilation 

is provided to flow the air and prevent condensation on the window, which could limit the heat 

exchange between the cold source and the RC samples. 
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Reflector Cap (8): An aluminum-covered cap placed upon the cylindrical chamber, facilitates the 

radiative exchange between the cold source and the RC samples by allowing the RCs to "see" the 

cold source. 

IR Camera (9): Captures the internal conditions and condensation process within the chamber. 

Thermocouples and Sensors (10): Attached to different locations inside the cylindrical chamber, 

the sample holder, and inside the climate-controlled chamber outside the cylindrical chamber to 

measure heat radiative and thermal flux and temperatures at various points. 

The RC samples (dew collector) are cleaned and placed on the sample holder inside the cylindrical 

chamber. The chamber is then sealed with the IR transparent double windows. The air temperature 

and relative humidity are set to 30˚C and 90%, respectively. The cold source including dry ice is 

placed under the cylindrical chamber. The balance measures the mass of condensed water, while 

thermocouples and sensors record the temperatures of the air, the dew collector, and various points 

inside and outside the cylindrical chamber. The cold source, which simulates the nocturnal sky, is 

positioned beneath the dew collector. To enhance radiative exchange above the sample, both the 

interior of the cylindrical chamber and the cap are lined with aluminum. This aluminum lining 

effectively directs the radiation emitted by the dew collector towards the cold source. An IR camera 

captures the internal conditions and condensation process within the chamber. This setup enables 

precise control and measurement of dew formation, allowing for the thorough testing and analysis 

of different samples under simulated nocturnal conditions. 
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Figure 6.2. Experimental setup (a) and schematics of the components (b). 1: Climate-Controlled 

Chamber; 2: Cold source; 3: Dew collector (RC samples); 4: Sample holder; 5: IR reflective cylindrical 

chamber; 6: Balance; 7: IR transparent double windows; 8: IR Reflector cap; 9: IR camera; and 10: 

Thermocouples and radiative and thermal sensors. 

 

6.3. Results  

6.3.1. Outdoor RC measurement results 

Figure 6.3 shows the temperature variation (˚C) over time for different configurations involving 

RC materials and blackbody structures. The x-axis represents the time of day, while the y-axis 

displays temperature (˚C). The experimental setups include various configurations of RC and 

blackbody materials embedded within flat or parabolic reflectors, and ambient air temperature is 

also measured as a reference.  

a b 
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Figure 6.3. (a) Temperature variation (˚C) over time (b) thermal reduction compared to the ambient for 

different configurations of RC materials and blackbody structures embedded within reflective and 

blackbody flat and parabolic under surfaces. 

 

From the beginning of the experiment to early morning (approximately 17:00 to 07:00), where the 

external heat source (sunlight) diminishes, the Parabolic Reflector Embedding RC (I: light blue 

line) stands out as achieving the lowest absolute temperature among all setups (5 ˚C). However, 

it’s important to note that the difference between the structure temperatures and the ambient air 

(dark gray line), or the ΔT, is not the highest during this period (ΔT = -3.5 ˚C, the negative sign 

shows the cooling effects). This means that, although the absolute cooling effect is prominent, the 

relative cooling compared to the ambient air might not be the most significant. Here's a breakdown: 
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• The ambient air temperature (dark gray line) decreases slowly as the environment cools 

down, starting at approximately 22 ˚C (17:00) and reaching around 9.5 ˚C (7:00). 

• The Parabolic Reflector Embedding RC (I: light blue line) case maintains the lowest 

temperature throughout the night, exhibiting consistent cooling. 

• The Flat Reflector Embedding RC configuration (IV: dark blue line) follows closely behind 

the Parabolic Reflector Embedding RC (I: light blue line) in terms of cooling performance, 

although the material structure does not reach as low of a temperature as the Parabolic 

Reflector. 

• The blackbody configurations (II. Parabolic Reflector Embedding Blackbody, yellow line, 

III. Parabolic Blackbody Embedding RC, light gray line, and V. Flat Blackbody Embedding 

RC, orange line) also experience cooling, but to a lesser extent. In the configurations where 

the blackbody material substitutes the RC material, the blackbody exhibits a high 

emissivity (100%) within the atmospheric window (8–13 µm). This high emissivity enables 

the blackbody to effectively radiate thermal energy into the sky, facilitating RC during 

nighttime. However, the blackbody’s broadband emissivity is not restricted to the 

atmospheric window alone; it also possesses high emissivity across other spectral bands. 

As a result, while the blackbody efficiently radiates energy outward, it also absorbs a 

significant amount of the downwelling atmospheric radiation, even in the absence of direct 

solar radiation. The blackbody undersurfaces also absorb and re-radiate heat effectively, 

leading to higher temperatures throughout the night compared to the reflective 

configurations. 

As sunlight returns, the heating phase begins (07:00–12:00), with temperatures rising in all setups 

after approximately 07:00. This configuration maintains the lowest temperatures among all setups, 

outperforming even the flat reflector setup. However, the rate of temperature increase differs 

between configurations based on their material properties and interaction with solar radiation. 

• The Parabolic Reflector Embedding Blackbody configuration (II, yellow line) exhibits the 

steepest increase in temperature, reaching nearly 30 ˚C by noon when the ambient 

temperature is around 20 ˚C. This rapid heating reflects the high absorption capacity of the 

blackbody material, particularly when combined with the parabolic reflector that focuses 
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solar radiation onto the surface. The sharp rise in temperature demonstrates how blackbody 

materials, while effective at radiating heat at night, are highly susceptible to solar heating 

during the day. 

• Conversely, the Parabolic Reflector Embedding RC (I: light blue line) shows slower 

temperature increase with a maximum ΔT of -10 ˚C compared to the ambient at around 

11:30. The Flat Reflector Embedding RC configuration (IV: dark blue line) follows closely 

behind the Parabolic Reflector Embedding RC (I: light blue line) in terms of cooling 

performance. This indicates the superior cooling capacity of RC materials in reducing the 

impact of solar heating, particularly when combined with a reflective surface. The 

parabolic shape assists in dissipating downwelling radiation from the atmosphere. The 

atmosphere continuously emits longwave infrared radiation back towards the Earth’s 

surface, which can potentially be absorbed by cooling materials and reduce their cooling 

efficiency. However, the parabolic reflector structure redirects much of this downwelling 

atmospheric radiation away from the RC material. And due to reciprocity, it just redirects 

the normal incident atmospheric radiation towards the RC. 

During the afternoon and early evening, from 1:00 PM until around 16:00, the Flat Reflector 

Embedding RC (IV: dark blue line), with a maximum ΔT of -9 ˚C, outperforms the Parabolic 

Reflector Embedding RC (I: light blue line), with a maximum ΔT of -8.5 ˚C. The shift in 

performance is largely attributed to the orientation of the setups relative to the sun's position in the 

sky, which leads to differences in how solar radiation interacts with the reflectors and the RC 

material. The parabolic shape, which typically aids in RC by focusing outward radiation, might 

unintentionally focus incoming solar radiation on the RC surface at certain angles of incidence. 

This unintended solar concentration raises the surface temperature of the RC material, reducing its 

cooling efficiency during the later hours of the day. The Flat Reflector Embedding RC 

configuration, by contrast, maintains a more consistent performance in the afternoon and evening. 

The flat surface evenly reflects incident solar radiation, preventing any concentration of sunlight 

on the RC material. This ensures that the RC surface remains protected from solar heating, 

allowing it to continue dissipating heat through RC. As a result, the flat reflector setup exhibits a 

better cooling performance than the parabolic configuration during the afternoon and evening, 

even though both setups outperform the ambient air temperature. After 16:00 until the experiment 
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ends, the Parabolic Reflector Embedding RC (I: light blue line) again shows the best cooling 

performance.  

 

6.3.2. Dew condensation results 

This section presents the quantitative results of radiative condensation experiments conducted on 

RC samples. The specific material tested is Sample 6_850, 1-8-1.25, characterized by a thickness 

of 850 μm and the highest recorded values of solar reflectance (𝑅̅𝑠𝑜𝑙𝑎𝑟 = 98.2%) and long-wave 

infrared emittance (𝜀𝐿̅𝑊𝐼𝑅  = 98.5%). During the condensation experiment, the air conditions inside 

the climate-controlled chamber are maintained at a temperature of 30 ˚C and a relative humidity 

of 90%. 

Figure 6.4 illustrates the temperature profiles obtained from thermocouples placed at three 

different locations within the setup: two thermocouples (𝑇1 and 𝑇2) are positioned on the interior 

wall of the cylindrical chamber, while one thermocouple (𝑇3) is situated outside the cylindrical 

chamber in the climate-controlled chamber. The data in Figure 8 demonstrate that the air 

temperatures both inside and outside the cylindrical chamber stabilized after approximately 2000 

seconds. Minor fluctuations in temperature are observed, which can be attributed to the ambient 

room temperature thermostat-based control system, which regulate the surrounding environment 

and can cause slight variations in room temperature. The temperatures recorded by 𝑇1 and 𝑇2, 

located inside the cylindrical chamber, are slightly lower than those recorded by 𝑇3. This difference 

is due to the radiative thermal exchange occurring between the RC sample and the cold source 

situated below the cylindrical chamber. The thermocouple placed outside the cylindrical chamber 

(𝑇3) reflected the general climate conditions maintained in the chamber. The stabilization of 

temperature readings indicates that the experimental setup effectively simulates the set conditions 

necessary for studying radiative condensation on the RC samples. 
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Figure 6.4. Temperature profiles measured by thermocouples at three different locations within the 

experimental setup. Thermocouples T1 and T2, located inside the cylindrical chamber with thermocouple 

T3, positioned outside the cylindrical chamber within the climate-controlled environment. 

 

Figures 6.5 and 6.6 demonstrate the temperature and heat flux results obtained from heat 

flux/thermocouple sensors placed at different locations around and inside the sample holder 

situated in the centre of the cylindrical chamber during a condensation experiment. The specific 

heat flux/thermocouple sensors and their locations are as follows: 

𝑇𝐶𝑜𝑛𝑑,𝑎𝑡𝑜𝑝 and 𝑃𝐶𝑜𝑛𝑑,𝑎𝑡𝑜𝑝 = Temperature and heat flux, respectively, from the conductive sensor 

located at the top of the sample holder attached beneath the RC sample 

𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 and 𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 = Temperature and heat flux, respectively, from the global 

(convective + radiative) heat flux sensor atop the sample holder  

𝑇𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 and 𝑃𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 = Temperature and heat flux, respectively, from the radiative heat flux 

sensor atop the sample holder  

𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 and 𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 = Temperature and heat flux, respectively, from the global heat 

flux sensor under the sample holder  

 

According to Figure 9, 𝑇𝐶𝑜𝑛,𝑎𝑡𝑜𝑝 is in direct contact with the RC sample and shows the lowest 

temperature profile. This is attributed to the radiative heat exchange between the RC sample and 
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the cold source, resulting in significant cooling.  𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 and 𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 measure the 

combined effects of radiation and convection on the top and bottom surfaces of the sample holder. 

Both sensors exhibit nearly identical temperatures, indicating uniform thermal conditions on both 

sides of the sample holder. This uniformity reflects the effectiveness of the aluminum-lined cap in 

directing radiation toward the cold source. However, 𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 records slightly lower 

temperatures than 𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝  due to its direct thermal exchange with the cold source, however, 

considering an uncertainty of 0.5 ˚C it can be interpreted as identical values showcasing the 

uniformity of the thermal conditions in the chamber. 𝑇𝑅𝑎𝑑,𝑎𝑡𝑜𝑝, measuring the radiative heat 

exchange, shows a distinct temperature profile. It reaches lower temperatures compared to 

𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 and 𝑇𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 because it does not account for convective heat transfer from 

the ambient environment, maintained at around 30 ˚C. In general, the collected data elucidate the 

different impacts of conductive, convective, and radiative heat transfer mechanisms on various 

parts of the sample holder. 

 

 

Figure 6.5. Temperature evolution at different locations during a condensation experiment, obtained 

using heat sensors. 
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As shown in Figure 10, the global flux sensor, 𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑢𝑛𝑑𝑒𝑟 flux sensor, starts with a high 

cooling flux, -100 W·m-2 with the negative sign due to cooling, indicating significant heat loss due 

to its direct contact with exposure to the cold source. The negative sign indicates cooling. Over 

time, this value decreases to a final value of -60 W·m-2, suggesting that while the cooling effect 

decreases over time, it remains substantial, indicating continuous heat loss to the cold source. 

𝑃𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 shows higher cooling powers than 𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 as it just shows the radiative flux 

neglecting the convective heat transfer.  The radiative flux sensor (𝑃𝑅𝑎𝑑,𝑎𝑡𝑜𝑝) exhibits higher 

cooling power compared to the global flux sensor (𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝). This difference arises because  

𝑃𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 measures only the radiative heat transfer, excluding the convective heat transfer 

occurring within the chamber. 𝑃𝐶𝑜𝑛,𝑎𝑡𝑜𝑝, conductive sensor, shows fluctuating heat loss initially, 

which stabilizes to zero, indicating that the RC sample's temperature reaches equilibrium with the 

surrounding environment. The initial cooling suggests the RC sample was losing heat, but as it 

approaches the steady state temperature, the net heat flux stabilizes.   

 

 

Figure 6.6. Heat flux evolution of different spots measured by various sensors during the condensation 

experiment. 
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Figure 6.7 illustrates the measured mass of condensed water over time during the experiment. It 

corresponds to the total mass condensed on all exposed surfaces, including the RC surface, as well 

as the lateral and bottom surfaces of the sample holder. Initially, the mass increases non-linearly 

until approximately 2400 s, after which it reaches a steady state with a constant condensation rate 

of 4×10-5 g∙s-1. These results are consistent with findings reported in other studies [182][183]. The 

initial non-linear increase can be attributed to a transient phase caused by (i) the establishment of 

a new energy balance initiated by the release of latent heat from condensation, and (ii) the delayed 

condensation on the lateral surface of the sample holder, which has lower emissivity and thus a 

higher temperature compared to the RC sample. 

 

Figure 6.7.  Evolution of the water mass condensed on the RC sample during the RC experiment.   

 

6.4. Conclusion  

The temperature variation results in this section for the outdoor RC performance setups provide 

valuable insights into the effectiveness of various configurations involving RC materials and 

blackbody structures. During the nighttime (17:00 to 07:00), the Parabolic Reflector Embedding 

RC configuration achieves the lowest temperature of 5 ˚C, with a relative cooling effect of ΔT = -

3.5 ˚C compared to the ambient air. The Flat Reflector Embedding RC setup also performs well, 

while the blackbody configurations exhibit less effective cooling due to higher absorption of 

atmospheric radiation. In the heating phase (07:00–12:00), the Parabolic Reflector Embedding 
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Blackbody configuration shows the fastest temperature increase, reaching nearly 30 ˚C by noon. 

In contrast, the RC configuration demonstrates a cooing effect with a maximum ΔT of -10 ˚C 

around 11:30. Notably, the Flat Reflector Embedding RC configuration outperforms the Parabolic 

Reflector in the afternoon and early evening, indicating the importance of orientation and solar 

interaction for optimizing cooling performance. Overall, these findings highlight the complex 

interactions between RC materials, their configurations, and environmental factors. 

In the dew condensation experiments, the results from Sample 6_850 demonstrate the effectiveness 

of RC materials in facilitating water condensation. The temperature profiles obtained from 

thermocouples within the experimental setup reveal that the air temperatures inside the cylindrical 

chamber (𝑇1 and 𝑇2) are consistently lower than those measured outside (𝑇3), indicating effective 

thermal exchange with the cold source. The stabilization of these temperatures after approximately 

2000 seconds suggests that the experimental conditions were well-maintained, allowing for 

accurate assessment of radiative condensation. The heat flux data illustrate the dynamics of 

conductive, convective, and radiative heat transfer, with 𝑃𝑅𝑎𝑑,𝑎𝑡𝑜𝑝 showing higher cooling powers 

compared to 𝑃𝐶𝑜𝑛+𝑅𝑎𝑑,𝑎𝑡𝑜𝑝, underscoring the dominant role of radiative heat transfer in cooling. 

Furthermore, the mass of condensed water measured over time exhibits a steady state with a 

constant condensation rate of 4×10⁻⁵ g∙s⁻¹ after an initial non-linear increase, attributed to the 

establishment of a new energy balance and the varying thermal properties of the surfaces involved. 

These findings affirm the potential of RC materials for enhancing dew condensation processes, 

contributing to sustainable water harvesting solutions. 
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Chapter 7 

7. Conclusion and future work 

7.1. Conclusion 

In light of the escalating global environmental issues, such as climate change, urban heat islands, 

and rising energy demands, innovative solutions are urgently needed to address these challenges. 

The overarching goal of this thesis was to explore and analyze novel configurations of micro and 

nano-structured materials with controlled radiative properties for effective RC applications. In this 

thesis, the aim was to design effective underside reflectors to enhance RC performance. The use 

of underside reflectors was pursued to minimize radiative losses and increase the cooling effect by 

directing thermal emissions towards the atmospheric window while limiting exposure to both solar 

irradiance and atmospheric radiation. This design approach was based on the fact that atmospheric 

transmittance decreases with increasing zenith angle, making surfaces with normal aligned directly 

upwards more effective in RC. By incorporating reflectors, radiative heat loss to the atmosphere 

was reduced, thereby enhancing the system's overall efficiency. Furthermore, highly reflective and 

LWIR-emissive porous PVDF-HFP samples were fabricated using the phase inversion method. 

These samples were engineered to maximize solar reflectance and longwave infrared emissivity, 
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promoting enhanced net cooling power. The porous structure of the PVDF-HFP was developed to 

create a hybrid micro- and nano-cellular matrix that efficiently scatters and emits thermal radiation, 

making it an ideal material for passive daytime RC applications. It was also aimed to investigate 

the potential of RC technologies to mitigate climate change by reducing global warming potential 

(GWP) and lowering cooling energy demands. The work sought to address both theoretical and 

practical aspects of the RC material structures, from their fundamental cooling mechanisms to real-

world applications. By examining various configurations and materials, this research aimed to 

provide a holistic understanding of how RC technologies can be implemented to enhance 

environmental sustainability. 

The objectives of this thesis following with the methods utilized and the results obtained for each 

objective were as follows: 

1. To develop Life Cycle Assessment methods for RC technologies and to determine the 

impact of RC on the global warming potential in geoengineering applications: The 

goal was to quantify the GWP reduction associated with RC materials, considering both 

direct RC effects and indirect reductions in cooling loads. Further, the impacts of covering 

broad areas (about 1% of Earth’s surface) with high-performance RC materials on 

terrestrial radiative forcing was determined.  

 

Methods (LCA, GWP, and RF Analysis): By employing LCA techniques, this thesis 

compared RC materials' environmental impact to that of traditional construction materials. 

it focused on evaluating the performance of RC materials by determining their net cooling 

power, GWP, and radiative forcing. The net cooling power serves as a crucial metric for 

assessing the effectiveness of RC technologies in providing cooling benefits. By analyzing 

the balance between the cooling effects of thermal radiation emitted from the RC materials 

and the various heat gains from solar radiation, convection, and atmospheric influences, a 

comprehensive understanding of their cooling potential was established. The study 

compared various materials, including RC material structures, conventional construction 

and roofing materials such as white cement paste, road asphalt, concrete, roofing shingles, 

ceramic roofing tiles, and PVC roofing material. These comparisons highlighted the 

superior performance of RC materials in terms of both net cooling power and radiative 
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forcing. The research also emphasized the significance of RF, which measures the impact 

of these materials on the Earth's energy balance. By quantifying the difference between 

incoming solar radiation and the thermal energy emitted back to space, the analysis 

provided insights into how the investigated materials can exacerbate or mitigate the 

warming effects of climate change. Notably, it was estimated that if just 1% of the Earth's 

surface were covered with these innovative RC materials, the resultant RF and GWP could 

significantly contribute to global warming mitigation efforts. The findings underscore the 

potential of RC technologies in reducing global warming potential and enhancing 

sustainability in building materials, making them a promising avenue for future research 

and practical applications in climate change mitigation. 

 

Results (Environmental Impact and GWP Reduction): RC technologies effectively 

reduce GWP through increased radiative heat flow to outer space and reduced cooling 

loads, leading to lower CO2 emissions from electricity generation. Notably, RC materials 

with an optical solar reflectance of 98.25% and long-wavelength infrared emissivity of 

98.5% achieved a net cooling power of 160.8 W·m⁻² and a GWP of -252 kgCO2-eq·m⁻² 

over 20 years, demonstrating their effectiveness. Additionally, the RF value for this sample 

was -1.01 W·m⁻² when covering 1% of the Earth's surface. In contrast, roofing shingles 

showed a net cooling power of -12.3 W·m⁻² with a GWP of 19.3 kgCO2-eq·m⁻², 

highlighting their less favorable environmental impact. The results suggest that covering 

just 1% of the Earth's surface with effective RC materials could significantly offset 

anthropogenic CO2 emissions, reinforcing the potential of RC technologies in climate 

mitigation strategies. 

  

2. To perform numerical simulations to investigate the effects of placing reflective 

surfaces under a RC material structure: The study intended to model and simulate 

different structural configurations and underside surfaces, such as parabolic reflectors, to 

enhance the cooling efficiency of RC systems by cooling them from their bottom side as 

well as their top side. 
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Methods (Placing reflective materials with different configurations beneath RC 

material structures): Detailed Monte Carlo ray-tracing (MCRT) methods were developed 

to simulate the cooling performance of RC material structures in various configurations. 

These simulations enabled the assessment of different geometric designs, including flat and 

parabolic reflectors, by calculating the net cooling power and determining the temperature 

reductions achievable through RC systems. This study employs a three-dimensional 

numerical analysis to explore the impact of an underside reflector on the cooling 

effectiveness of RC systems. Six distinct configurations are examined, each designed to 

assess how varying reflective surfaces influence the cooling performance of a point source 

RC: 

 

i. Case 1 (Blackbody): The first configuration featured a flat surface with infinite 

width and blackbody properties positioned beneath the RC. This served as the 

reference case for comparison. 

ii. Case 2 (Infinite Flat Reflector): In this setup, the RC was situated above an 

infinite flat reflective surface, allowing for enhanced reflection of emitted radiation. 

iii. Case 3 (1 m Flat Reflector): A flat circular reflector, 1 meter in width, was placed 

0.1 meters below the RC material structure. This design enabled a focused 

reflection of emitted thermal energy. 

iv. Cases 4, 5, and 6 (Parabolic Reflectors): These cases utilized parabolic reflective 

dishes to enhance cooling performance further. The RC was positioned at the focal 

point of the dishes, with varying focal lengths and heights specified for each case: 

Case 4: Focal length of 0.1 m and height of 0.1 m. Case 5: Focal length of 0.1 m 

with a greater height of 0.625 m. Case 6: Focal length of 0.016 m with a height of 

0.625 m. 

 

In all configurations, the reflective surfaces were treated as perfectly specular reflectors, 

maximizing the efficiency of thermal radiation reflection. Two different emittance spectra 

were analyzed to determine the radiation emitted from the RC material structure and the 

radiation received from the atmosphere. The first spectrum represented an ideal top-hat 

selective radiator, which exhibits high emittance (100%) within the atmospheric window 
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(8 to 13 μm) and zero emittance outside this range. The second spectrum corresponded to 

an ideal step-function broadband radiator, having zero emittance for wavelengths less than 

4 μm and full emittance (100%) for longer wavelengths. The cooling performance of the 

RC systems was assessed by analyzing how effectively they can dissipate thermal energy 

to the surroundings. The analysis considered factors such as the RC's temperature, 

atmospheric conditions, and the nature of the reflective surfaces.  

 

Results (Cooling Performance of Underside Configurations for RC Technology): 

Numerical simulations comparing different RC configurations demonstrated the superior 

cooling performance of parabolic geometries. Parabolic reflectors (Cases 4, 5, and 6) 

achieved the lowest temperatures under ideal conditions when ambient temperature is 300 

K, outperforming flat reflectors and blackbody configurations. The results indicate that 

when assuming an ideal selective emittance spectrum without solar absorption and 

convective heat transfer at an ambient temperature of 300 K, the steady-state temperatures 

for Cases 4, 5, and 6 were roughly 237 K, 230 K, and 229 K, respectively. These 

configurations present a promising option for integration into various cooling systems, 

such as air conditioning, water harvesting, and CO2 capture. 

 

3. To design and experimentally investigate a porous Passive Daytime Radiative Cooler 

(PDRC) system with an optimized and controlled pore size distribution of micro and 

nano sizes using a phase inversion fabrication technique to demonstrate high solar 

reflectivity as well as high emissivity in Long Wavelength Infrared (LWIR) 

wavelengths: Through a phase inversion fabrication technique, the goal was to  engineer 

porous PVDF-HFP RC materials with enhanced optical properties and RC performance. 

 

Methods (Fabrication of enhanced porous RC materials): This study employed PVDF-

HFP as the primary polymer. Phase inversion was utilized to create hybrid micro- and nano-

cellular material structures within the PVDF-HFP film for RC applications. Precursor 

solutions were prepared using varying mass ratios of PVDF-HFP, acetone, and water. 
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Different volumes of the polymer solution were poured onto the substrate to create samples 

of varying thicknesses for further investigation. Sample compositions and identifications 

are detailed in the study’s tables. The phase morphology of the porous PVDF-HFP films 

was analyzed through cryo-fracturing and scanning electron microscopy (SEM). The 

optical performance of the RC materials was evaluated using a UV-Vis-NIR 

spectrophotometer, covering wavelengths from 0.3 to 2.5 μm. The mid-infrared optical 

behavior was examined with Fourier transform infrared (FTIR) spectroscopy. The emissive 

properties of the materials were measured using the EM-4 Emissometer at approximately 

390 K, allowing for the calculation of total hemispheric emissivity. The study aims to 

understand the thermal energy exchange of a RC material structure exposed to the sky. It 

evaluates the cooling performance by analyzing factors such as the radiated heat to outer 

space, solar irradiance, atmospheric thermal radiation, and convective heat transfer from 

the surrounding environment. To achieve effective passive daytime RC, the materials must 

minimize solar heat gain while maximizing thermal energy radiation to the cold sky. This 

necessitates high solar reflectance and significant long-wave infrared emissivity in the RC 

surface. The overall goal is to optimize the RC performance for practical applications. 

 

Results (Fabrication of Enhanced Porous PVDF-HFP samples as RC Materials): This 

study aimed on optimizing porous PVDF-HFP films for RC by tailoring pore structures 

through adjustments in water, polymer concentrations, and film thickness. Varying the 

water-to-acetone and polymer-to-acetone ratios revealed a significant influence on pore 

size, distribution, and optical properties, particularly solar reflectance. The sample (1-8-

1.25), with a polymer-to-acetone ratio of 1 and water-to-acetone ratio of 1.25, achieved a 

high solar reflectance of 98.2% and LWIR emittance of 98.5%, resulting in a net cooling 

power of 86 W·m⁻² under 1000 W·m⁻² solar irradiance. These findings highlight the 

effectiveness of hierarchical porous films in RC applications. 

 

4. To demonstrate a proof-of-concept of the developed PDRC material structure in a 

practical application and to evaluate its performance in an outdoor setup: To provide 

practical validation for the developed PDRC material structure, this objective involved the 
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design and implementation of an outdoor experimental setup. The setup was specifically 

tailored to assess the performance of PDRC materials in real-world conditions. 

 

Methods (Outdoor RC Performance Measurements and Dew Condensation 

Experimental Setup Dew Condensation Experiments): The outdoor experimental setup 

to measure the RC performance of the samples consisted of eight distinct configurations 

designed to evaluate the performance of the RC samples and underside surfaces under 

controlled conditions. The configurations include: 

 

I. Parabolic Reflector Embedding RC: A 2 cm diameter RC disk is positioned 

at the focal point of a mirrored parabolic dish, maximizing its exposure to 

direct radiative heat transfer. 

II. Parabolic Reflector Embedding Blackbody: A 2 cm diameter blackbody 

disk is similarly placed at the focal point of a parabolic dish, allowing direct 

comparison of cooling effects between the RC and an ideal blackbody. 

III. Parabolic Blackbody Embedding RC: The RC sample is positioned at the 

focal point of a blackbody-coated paraboloid, enabling analysis of how the 

blackbody influences the heat absorption and emission of the RC in contrast 

to a reflective paraboloid setup. 

IV. Flat Reflector Embedding RC: A 2 cm diameter disk, is mounted on a needle 

and placed in the middle of a flat square reflector with a side length of 5 cm. 

This setup simulates an infinite flat reflective surface beneath the RC 

sample to enhance RC. 

V. Flat Blackbody Embedding RC: The RC sample is similarly placed on a 

needle at the center of a square surface covered with blackbody material. 

This configuration allows for evaluation of the RC's cooling performance 

on a blackbody-coated surface compared to a reflective surface, 

highlighting differences in heat transfer behavior. 
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Measurement tools included thermocouples for temperature monitoring, an anemometer 

for relative humidity and wind speed, and a pyranometer for solar irradiance measurement, 

with the entire apparatus positioned on a rooftop to simulate real-world conditions. Data 

loggers were also used to capture the data over a period. 

Another experimental setup aimed to replicate and analyze the dew collection process 

under controlled indoor conditions, overcoming the limitations associated with outdoor 

experiments, such as weather variability and high costs. The test was done using the device 

designed by the LIED group at Université Paris Cité. The Dew Condensation Experimental 

Setup consisted of several key components designed to facilitate controlled dew formation 

through RC. The climate-controlled chamber maintained stable temperature and high 

humidity (30˚C and 90%, respectively) to replicate ideal conditions for dew collection. A 

cold source made from solid carbon dioxide (dry ice) served to provide a constant low 

temperature, promoting effective RC. The dew collector holds the RC samples, while the 

sample holder secures them for optimal heat exchange. The cold source (dry ice) was 

placed beneath the chamber, enabling effective RC, while data collection was facilitated 

through a balance for measuring condensed water, thermocouples for temperature 

monitoring, and an IR camera for visual documentation of the dew formation process, 

ultimately allowing for an analysis of the RC materials' effectiveness in dew collection. 

Results (Outdoor RC Performance Measurements and Dew Condensation 

Experimental Setup Dew Condensation Experiments): The experimental results reveal 

that from approximately 17:00 to 07:00, the Parabolic Reflector Embedding RC 

configuration (I: light blue line) achieved the lowest absolute temperature of 5 °C, 

showcasing effective cooling throughout the night. However, the temperature differential 

(ΔT) relative to the ambient air was -3.5 °C, indicating significant cooling effects but less 

pronounced relative performance. As sunlight returned from 07:00 to 12:00, the Parabolic 

Reflector Embedding Blackbody (II: yellow line) exhibited the steepest temperature 

increase due to its high absorption capacity, while the Parabolic Reflector Embedding RC 

(I) showed a slower rise with a maximum ΔT of -10 °C, highlighting its ability to mitigate 

solar heating. Notably, from 13:00 to 16:00, the Flat Reflector Embedding RC (IV: dark 

blue line) outperformed the Parabolic Reflector configuration, achieving a maximum ΔT 
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of -9 °C compared to -8.5 °C due to its effective reflection of solar radiation. Overall, these 

findings emphasize the effectiveness of the Parabolic Reflector Embedding RC and the 

Flat Reflector's superior performance, underscoring the importance of design choices in 

optimizing RC applications under varying environmental conditions. 

Dew condensation experiments conducted at 30 ˚C and 90% relative humidity 

demonstrated the effectiveness of the sample (1-8-1.25) with 850 μm thickness, which 

achieved a steady-state condensation rate of 4 × 10⁻5 g·s⁻¹. The thermal profiles showed 

significant cooling, with temperatures dropping below ambient due to efficient radiative 

heat exchange. The cooling flux started at -100 W·m⁻² and stabilized at -60 W·m⁻², 

highlighting the sample’s sustained cooling performance and moisture capture efficiency 

under the given conditions. 

 

 

Overall, this thesis has demonstrated the viability of RC technologies as both a passive cooling 

solution and a climate change mitigation tool. By addressing critical challenges related to cooling 

efficiency, material performance, and environmental impact, this research has established RC 

materials and configurations as viable options for widespread adoption in sustainable building 

practices and environmental applications. 

 

 

7.2. Future work 

While this thesis has made significant strides in understanding the performance and environmental 

benefits of RC materials, several areas require further investigation to optimize these technologies 

for broader application: 

1. Large-Scale Deployment and Economic Feasibility: Although the environmental 

benefits of RC materials are well-established, future work should address the economic 

feasibility of large-scale deployment. This includes analyzing the costs of production, 
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installation, and long-term maintenance, as well as assessing potential barriers to adoption 

in both developed and developing regions. 

2. Hybrid RC and Renewable Energy Systems: The integration of RC technologies with 

renewable energy systems—such as solar photovoltaics—presents a compelling avenue for 

future research. Hybrid systems could provide both cooling and electricity generation, 

maximizing energy efficiency and reducing reliance on traditional cooling and energy 

generation systems. 

3. Durability and Environmental Impact over Time: The long-term performance and 

durability of RC materials, especially in harsh or extreme environmental conditions, 

requires further investigation. Research should also explore the environmental impact of 

potential material degradation, disposal, or recycling, ensuring that RC technologies 

remain sustainable throughout their lifecycle. 

4. Innovative Applications Beyond Building Cooling: While much of this research has 

focused on building cooling, future work should explore additional applications of RC 

technologies, such as in water harvesting, greenhouse cooling, or carbon capture. The 

parabolic reflector configurations, in particular, have shown promise in enhancing 

condensation for water collection and could be adapted for a range of industrial and 

agricultural uses. 

5. Policy and Standards Development: For RC technologies to be widely adopted, there is 

a need for the development of international standards and policies governing their 

implementation. Future research could work towards establishing guidelines for RC 

material performance, integration in urban planning, and financial incentives for adoption. 

In conclusion, this thesis has laid the foundation for the widespread adoption of RC technologies 

as an integral part of sustainable building practices and climate change mitigation strategies. By 

addressing the outlined challenges and pursuing innovative research directions, RC technologies 

have the potential to significantly contribute to the global effort to reduce greenhouse gas 

emissions, manage energy consumption, and restore balance to the Earth’s climate system. 
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