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Abstract 

Radiative transport processes are omnipresent in everyday live but mostly invisible since the 

human eye is only sensitive to a small fraction of wavelengths. However, through our skin, we 

can feel radiation as heating or cooling. After intensely researching radiative transport, I 

perceive the world differently. For example, when walking home through a clear night sky, I 

know now that the chilly feeling from above is outer space trying to kill me. Sometimes I wish 

for a blanket of clouds that protects my body from radiating body heat through the atmosphere 

into outer space. Or when I sit at a campfire in summer and observe the colors and feel the 

warmth, I inevitably think about Planck’s law now. 

The central theme of this thesis revolves around a special application of radiative heat transfer: 

Passive radiative daytime cooling. All contributions within this thesis have direct or indirect 

connections to this field of research. The aim is to utilize the radiative heat transport pathway 

to cool objects. By specifically tailoring the optical properties, materials can spontaneously cool 

below ambient temperatures without external energy input, even with direct sunlight 

illumination. With climate change as the biggest challenge of this century, improving cooling 

technologies seemed highly important to me. 

Different material aspects are crucial for passive radiative daytime cooling. The thermal 

emission must be optimized as the primary channel to dissipate energy. Other factors are loss 

contributions that reduce the cooling effect. The biggest potential loss for passive daytime 

cooling is the power input by solar irradiation. Absorbed solar energy can quickly diminish the 

cooling effect. Therefore, solar management strategies are required. The first contribution 

within this thesis presents one potential strategy to prevent solar absorption by strongly 

reflecting sunlight. A colloidal glass is assembled from particles with gradually increasing size. 

When assembled as a gradient material, this colloidal assembly shows broadband solar 

reflectance based on scattering for the entire visible wavelength range. 

The second contribution in this thesis presents an approach to maximize the thermal emission 

and optimizes the layer thickness of different polymeric materials. In this work, my colleagues 

and I show how the thermal emission and the different loss contributions depend on the 

material thickness. With theoretical calculations based on the optical properties of the 

materials, an optimum layer thickness is revealed. To validate our calculations, simple radiative 

coolers with different emitter thicknesses are prepared, spectroscopically characterized, and 

tested in a field test on the rooftop. The optimization strategy is directly transferable to other 

materials if the optical properties are known and thus can help other researchers to improve 

their designs. 
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Besides optimizing widely applied materials also, new materials are introduced for passive 

radiative daytime cooling. Within the third contribution, I studied the biomaterials Chitosan and 

Chitin and whether they are suitable for passive radiative daytime cooling. With a solid-state 

conversion reaction, the water-soluble polymer Chitosan can be converted to Chitin. We reveal 

that both materials show below-ambient passive radiative daytime cooling through extensive 

optical characterization and calculation of the cooling behavior. The use of bio-compatible and 

abundant biomaterials is a clear advantage of the introduced system, and the work diversifies 

the pool of available materials. 

The last two contributions within this thesis extend the available characterization methods for 

passive radiative daytime cooling and radiative heat transport. One big challenge in the 

research area is to compare materials and their performance. The state-of-the-art is a field test 

to measure the performance, but a direct comparison of the results is impossible due to 

fluctuations in atmospheric conditions. To overcome this problem, an indoor test setup to study 

passive radiative daytime cooling materials is introduced in this thesis. The indoor setup aims 

to emulate outside conditions like outer space and the sun with a liquid nitrogen-cooled 

aluminum dome and a solar simulator, respectively. In our work, we even show how 

atmospheric selectivity can be included by the addition of a selective filter. 

The introduced aluminum dome of the indoor test setup can also be used to address other 

questions regarding radiative heat transfer. In the last contribution of this thesis, a dual-sided 

nonwoven material is introduced for advanced personal thermal management. The nonwoven 

consists of a polymeric- and metallic-side. With the dome at room temperature and a feedback-

controlled heater system for the sample, the radiative transfer between the human body and 

the surrounding can be emulated. With the adjusted setup, we show that if the metallic side is 

facing the surroundings, radiative energy loss is suppressed. With the presented material 

design, new functional clothes for personal thermal management can be imagined. 
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Zusammenfassung 

Strahlungstransportprozesse sind im täglichen Leben allgegenwärtig, aber meist unsichtbar, 

da das menschliche Auge nur für einen kleinen Teil der Wellenlängen empfindlich ist. Über 

unsere Haut können wir jedoch Strahlung als Erwärmen oder Abkühlen spüren. Nachdem ich 

mich intensiv mit dem Strahlungstransport beschäftigt habe, nehme ich die Welt anders wahr. 

Wenn ich zum Beispiel bei klarem Nachthimmel nach Hause gehe, weiß ich jetzt, dass das 

kühle Gefühl von oben das Weltall ist, das mich umbringen will. Manchmal wünsche ich mir 

eine Wolkendecke, die meinen Körper vor der Abstrahlung von Körperwärme durch die 

Atmosphäre ins Weltall schützt. Oder wenn ich im Sommer an einem Lagerfeuer sitze und die 

Farben betrachte und die Wärme spüre, denke ich jetzt unweigerlich an das Plancksche 

Gesetz. 

Das zentrale Thema dieser Arbeit dreht sich um eine spezielle Anwendung der 

Wärmeübertragung durch Strahlung: Der passiven strahlungsbasierten Kühlung am Tag. Alle 

Beiträge dieser Arbeit haben direkt oder indirekt einen Bezug zu diesem Forschungsgebiet. 

Ziel ist es, den Strahlungstransportweg von Wärme zur Kühlung von Objekten zu nutzen. 

Durch gezielte Anpassung der optischen Eigenschaften können Materialien spontan unter die 

Umgebungstemperatur abkühlen, ohne dass Energie von außen zugeführt wird, selbst bei 

direkter Sonneneinstrahlung. Da der Klimawandel die größte Herausforderung dieses 

Jahrhunderts darstellt, erschien mir die Verbesserung von Kühltechnologien sehr wichtig. 

Für die passive strahlungsbasierte Kühlung am Tag sind verschiedene Materialaspekte 

entscheidend. Die Wärmeabgabe muss als primärer Kanal für die Energieableitung optimiert 

werden. Andere Faktoren sind Verlustbeiträge, die die Kühlwirkung verringern. Der größte 

potenzielle Verlust bei der passiven Kühlung am Tag ist der Energieeintrag durch 

Sonneneinstrahlung. Die absorbierte Sonnenenergie kann den Kühleffekt schnell vermindern. 

Daher sind Strategien zum Umgang mit Sonneneinstrahlung erforderlich. Der erste Beitrag 

dieser Arbeit stellt eine mögliche Strategie zur Verhinderung der Absorption von Sonnenlicht 

durch starke Reflexion vor. Ein kolloidales Glas wird aus Partikeln mit allmählich zunehmender 

Größe hergestellt. Wenn es als Gradientenmaterial zusammengesetzt ist, zeigt diese 

kolloidale Anordnung eine breitbandige Sonnenreflexion auf der Grundlage von Streuung für 

den gesamten sichtbaren Wellenlängenbereich. 

Der zweite Beitrag in dieser Arbeit stellt einen Ansatz zur Maximierung der Wärmeabstrahlung 

und zur Optimierung der Schichtdicke verschiedener polymerer Materialien vor. In dieser 

Arbeit zeigen meine Kollegen und ich, wie die thermische Emission und die verschiedenen 

Verlustbeiträge von der Materialdicke abhängen. Mit theoretischen Berechnungen, die auf den 

optischen Eigenschaften der Materialien basieren, wird eine optimale Schichtdicke ermittelt. 
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Um unsere Berechnungen zu validieren, werden einfache strahlungsbasierte Kühler mit 

unterschiedlichen Strahlerdicken hergestellt, spektroskopisch untersucht und in einem 

Feldversuch auf dem Dach getestet. Die Optimierungsstrategie ist direkt auf andere 

Materialien übertragbar, wenn die optischen Eigenschaften bekannt sind, und kann somit 

anderen Forschern helfen, ihre Designs zu verbessern. 

Neben der Optimierung von weit verbreiteten Materialien werden auch neue Materialien für die 

passive strahlungsbasierte Kühlung am Tag vorgestellt. Im dritten Beitrag habe ich die 

Biomaterialien Chitosan und Chitin untersucht und geprüft, ob sie für die passive 

strahlungsbasierte Kühlung am Tag geeignet sind. Mit einer Festkörperumwandlungsreaktion 

kann das wasserlösliche Polymer Chitosan in Chitin umgewandelt werden. Durch 

umfangreiche optische Untersuchung und Berechnung des Kühlverhaltens zeigen wir, dass 

beide Materialien eine passive strahlungsbasierte Kühlung bei Tageslicht unterhalb der 

Umgebungstemperatur aufweisen. Die Verwendung von biokompatiblen und reichlich 

vorhandenen Biomaterialien ist ein klarer Vorteil des vorgestellten Systems, und die Arbeit 

erweitert das Angebot der verfügbaren Materialien. 

Die letzten beiden Beiträge dieser Arbeit erweitern die verfügbaren 

Charakterisierungsmethoden für passive strahlungsbasierte Kühlung am Tag und 

strahlungsbasierten Wärmetransport. Eine große Herausforderung in diesem 

Forschungsbereich ist der Vergleich von Materialien und ihrer Leistung. Der Stand der Technik 

ist ein Feldtest, um die Leistung zu messen, aber ein direkter Vergleich der Ergebnisse ist 

aufgrund von Schwankungen der atmosphärischen Bedingungen unmöglich. Um dieses 

Problem zu überwinden, wird in dieser Arbeit ein Testaufbau für Innenräume zur Untersuchung 

von Materialien für die passive strahlungsbasierte Kühlung bei Tageslicht vorgestellt. Mit einer 

mit flüssigem Stickstoff gekühlten Aluminiumkuppel und einem Sonnensimulator sollen die 

Außenbedingungen wie im Weltraum und Einstrahlung der Sonne simuliert werden. In unserer 

Arbeit zeigen wir sogar, wie die atmosphärische Selektivität durch Hinzufügen eines selektiven 

Filters einbezogen werden kann. 

Die eingeführte Aluminiumkuppel des Indoor-Testaufbaus kann auch zur Untersuchung 

anderer Fragen der strahlungsbasierten Wärmeübertragung verwendet werden. Im letzten 

Beitrag dieser Arbeit wird ein doppelseitiges Vliesmaterial für persönliches 

Wärmemanagement vorgestellt. Der Vliesstoff besteht aus einer Polymer- und einer 

Metallseite. Mit der Kuppel bei Raumtemperatur und einem rückkopplungsgesteuerten 

Heizsystem für die Probe kann der Strahlungstransfer zwischen dem menschlichen Körper 

und der Umgebung nachgestellt werden. Mit dem angepassten Aufbau zeigen wir, dass, wenn 

die metallische Seite der Umgebung zugewandt ist, der Strahlungsverlust unterdrückt wird. Mit 

dem vorgestellten Materialdesign ist Funktionskleidung für das Wärmemanagement denkbar.  
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1. Introduction 

The radiative heat transfer pathway is essential for the energy exchange between the planet 

and outer space. The absorbed power irradiated by the sun on the heating side and the thermal 

emission on the cooling side are the basis of this thermodynamic equilibrium. The resulting 

surface temperature is the consequence of an overall complex energy balance between the 

sun, air, land, and oceans.1 However, human activities like the burning of fossil fuels to 

generate energy lead to an imbalance of the equilibrium and causes a warming of the planet.2 

This climate crisis is expected to have drastic consequences for the planet's ecosystems and 

will significantly affect humanity. The transformation to net zero emissions to stop the planet's 

warming is the biggest challenge of this century. Therefore, reducing the energy demand is an 

important goal for developing future technologies and materials. One large fraction of the 

current energy demand is used for temperature management.3 To reduce the demand in this 

sector and to develop new technologies, it is fundamental to understand how heat is 

transported. The contributions in this thesis revolve around the radiative energy transfer 

pathway, but also conduction and convection need to be considered in many applications. 

Heat transfer is present in everyday life. An example can be found in heat management in 

buildings.4 At low outside temperatures, heating raises the indoor temperature. Insulation is 

applied to walls and roofing to reduce conductive and convective transport and to prevent heat 

loss to the outside. For window systems, a gap (gas or vacuum) can act as insulation between 

multiple layers of glass, but also a low emissivity coating can help to decrease heat loss by 

suppressing the radiative heat transfer pathway.5 In contrast, when the interior temperature is 

uncomfortably high, air conditioning systems are used for cooling. Commonly used (active) 

systems use electricity to displace the heat from the inside to the outside of the building. The 

excess heat remains in close vicinity and causes a heat up of the direct surrounding. This 

situation is especially problematic in urban areas, with a high concentration of air conditioning 

units and reduced convection caused by taller buildings. The example of heat management in 

buildings shows how interconnected the heat transport pathways are. 

With the prospects of global warming, the demand for air conditioning is increasing, which will 

exacerbate the described urban heat island effect and electricity demand for active cooling 

systems.6 A technology that can contribute to a solution for this problem is passive radiative 

cooling. The fundamental idea is to use the natural cooling mechanism of the planet and design 

surfaces such that they efficiently emit energy. This passive cooling strategy has the advantage 

that no electricity is needed to drive the cooling process, and the displaced energy is 

transported over larger distances. In fact, the radiative energy transfer pathway can be used 

to dissipate heat to outer space, the ultimate heat sink. 
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The concept of passive radiative cooling was already applied more than 2000 years ago. Ice 

pits were constructed in desert areas that operate with a combination of radiative and 

evaporative cooling to freeze water.7 In shallow water lagoons, a temperature drop below 

freezing was achieved with radiative energy loss during night-time. Additionally, mud walls 

were built on the southern, eastern, and western sides to prevent sunshine. This example from 

the past shows the potential of passive radiative cooling. In the modern world, a multitude of 

application scenarios for passive radiative cooling technology can be imagined and are already 

tested. Systems that have paint-like applicability or are producible in a scalable fashion have 

a clear advantage compared to highly optimized and complex materials.8 Besides the direct 

application as paint, panels that exchange the cooling power to a liquid are proposed and 

tested to harvest the cooling power.9 The cooled fluid is then integrated into air conditioning 

systems and thus, reducing energy consumption.10 Another highly researched area is the 

integration of passive radiative cooling in photovoltaic cells.11, 12 The reduction of temperature 

has the potential to increase the efficiency of the cells.13 Another application is constructing 

dew harvesting systems, including passively cooled surfaces to promote water condensation.14 

The condensed water is collected from the surfaces and can supply arid regions with drinking 

water, or the systems can be used for the desalination of saltwater.15 

Besides those technical examples, passive radiative cooling can also be included for personal 

thermal management.16 The human body temperature is above ambient temperature in many 

scenarios. Clothing is applied (among other reasons) to preserve energy otherwise lost to the 

surrounding. In case of exercise or higher ambient temperatures, the natural cooling 

mechanism relies on the evaporation of water.17 Therefore, novel textile materials with 

improved radiative heat management strategies are of great interest.18, 19 

The mentioned examples show how impactful passive radiative cooling strategies can be. 

Especially for applications and processes that involve higher temperatures, the radiative heat 

transfer pathway becomes more important. To understand why and to develop new materials 

and solutions or to improve existing systems, it is essential to understand the fundamentals of 

radiative heat transfer. Following, the relevant principles for light-matter interaction and the 

concept of radiative cooling will be briefly introduced. 

Light-Matter Interaction 

The fundamentals of understanding the interaction of light and matter root in the Maxwell 

Equations. Light is treated as an electromagnetic wave with an electric and magnetic field that 

oscillates spatially over time. For the application in the field of radiative cooling, mostly 

dielectric materials are used. Therefore, the origin of their properties will be outlined here. 
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Except otherwise cited, the introduction mainly follows the descriptions in the book of M. 

Modest.20 

In free space, electromagnetic waves travel with the maximum speed, known as the speed of 

light c. In contrast, the speed of the electromagnetic wave cm is reduced within a medium. This 

ratio of propagation speed is known as refractive index n with 

𝑛 =
c

𝑐m
 (1) 

The speed of the wave is reduced due to the interaction of the electric field with the medium. 

For simplicity, dielectric media are considered nonmagnetic (permeability µ = 1). The strength 

of the interaction can be related to how well the medium can be polarized and is expressed 

with the electrical permittivity ϵm. For free space ϵ = 1, and it follows: 

𝑐m =
𝑐

√𝜇𝜖
= c (2) 

For dielectric materials, the electrical permittivity is larger than for free space. Hence the 

propagation speed is reduced, and n > 1. Similar to the description of the refractive index for 

a medium, the relative permittivity εp is introduced: 

𝜀p =
𝜖

𝜖m
 (3) 

The relative permittivity of a material is a function of frequency ν, and the frequency relates to 

the wavelength λ with: 

𝜆 =
c

𝜐
 (4) 

Therefore, the refractive index is also a function of wavelength n (λ), which is commonly known 

as dispersion. It is customary to introduce the refractive index as a complex quantity with 

�̃� = 𝑛 − 𝑖𝑘 (5) 

Where n describes the propagation of the wave and the imaginary part k is used to describe 

the loss (absorption). With the introduction of the complex refractive index, the electrical 

permittivity of a medium also becomes a complex quantity that is related to the complex 

refractive index with: 

𝜀p = 𝜀′ − 𝑖𝜀′′ = �̃�2 (6) 

This expression is known as the complex dielectric function, which Lorentz described with a 

series of harmonic oscillators.21 The series of oscillators is used to model the absorption 

characteristics of dielectric materials. If a material's complex dielectric function or the complex 

refractive index is known, optical properties like reflection or absorption characteristics can 

even be calculated. 
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Optical Properties of Materials 

If electromagnetic radiation is incident on a material, several phenomena can occur, depending 

on the optical properties of the material. 

 

Figure 1.1: Schematic illustration of light-matter interaction processes. 

At the surface of the material, parts of the electromagnetic radiation will be reflected. This part 

is described by the reflectivity ρ of the sample as the fraction of reflected intensity Ireflected to 

total intensity Itotal with 

𝜌 =  
𝐼reflected

𝐼total
 (7) 

The non-reflected part of the electromagnetic radiation will enter the material and propagate 

there. Within the material, a fraction of the electromagnetic wave can be attenuated, which is 

described by the absorptivity α and the fraction of absorbed intensity Iabsorbed 

𝛼 =
𝐼absorbed

𝐼total
 (8) 

If the material has a finite thickness, a fraction of the incident electromagnetic radiation can be 

transmitted Itrans through the material. This fraction with respect to the total incident intensity is 

the transmissivity τ and is defined as 

𝜏 =
𝐼trans

𝐼total
 (9) 

The respective processes are schematically shown in Figure 1.1. For the event, energy 

conservation must be fulfilled and therefore: 

𝜌 + 𝜏 + 𝛼 = 1 (10) 

If a material is sufficiently absorbing (opaque), transmission can be neglected, and 

equation (10) is simplified to  

𝜌 + 𝛼 = 1 (11) 

Note that for real materials, typically, the surface exhibits a certain roughness. Depending on 

the wavelength range of interest, this can have severe consequences for the penetration 
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behavior of the electromagnetic wave. The reflection properties at the interface can be 

enhanced or attenuated, and consequently, the fractions of absorbed or transmitted radiation 

are also affected. For real materials, the terminology of reflectance, absorptance, and 

transmittance will be used, describing the properties of the actual material. In contrast, 

reflectivity, absorptivity, and transmissivity will be used to describe an idealized material's 

general mechanisms and behavior. 

For the fundamental description of light-matter interaction, the medium was considered to be 

homogeneous, and the interface was perfectly smooth. Within the material, fluctuations of 

electron density result in local refractive index variations. At the interface, structural differences 

like surface roughness affect the refractive index. This heterogeneity of the material can 

change the trajectory of incident radiation, a process typically known as scattering.22  

For the description of scattering for a perfectly spherical object, Gustav Mie solved the Maxwell 

equations for different particle radius r to wavelength ratios. This analytical solution extended 

the theory of lord Rayleigh from the 19th century for the scattering of very small spherical 

particles with a more general solution of the scattering problem. The calculations of Mie 

showed that for perfectly spherical individual particles, the scattering properties could be fully 

described. However, based on the radius of the particle to wavelength ratio, simplified 

equations are used. Conventionally, three different regimes are distinguished. Particles much 

smaller than the wavelength (r<<λ) are within the so-called Rayleigh regime. For particles with 

sizes in the order of the wavelength (r ≈ λ), the Mie theory is applied. The scattering properties 

of larger particles (r>>λ) can be described with ray optics. 

In real materials, multiple scattering centers are present, and with increasing material 

thickness, multi-scattering becomes dominant. For materials with high symmetry, the multi-

scattering problem simplifies and follows Bragg's law for highly ordered systems like photonic 

crystals.23 For unordered systems like paints, statistical considerations, and assumptions are 

applied, and light transport can be described as a diffusive process. Within the field of radiative 

cooling, scattering processes can be highly effective as a solar management strategy, a topic 

that will be discussed in a later chapter. 

The parameters introduced so far describe the processes for incident radiation on a material. 

However, the quantity most relevant for the radiative heat transfer is the electromagnetic 

radiation emitted by the material. The material parameter related to the emission is called 

emissivity ε (emittance) and describes the radiant intensity of a material Imaterial compared to 

that of a perfect emitter (blackbody) Iblackbody with 

𝜀 =
𝐼material

𝐼blackbody
 (12) 
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In thermal equilibrium, the emissivity of a material is equal to the absorptivity as described by 

Kirchhoff's law of radiation 

𝜀 = 𝛼 (13) 

This implies that if the absorption properties of a material are characterized, the emission 

properties of that material are also known. Experimentally, the absorption properties are much 

easier to access. Thus, Kirchhoff's law of radiation is widely applied to assess radiative cooling 

materials. 

Passive Radiative Cooling 

Within the field of radiative cooling, researchers aim to utilize the radiative heat transfer 

pathway to cool objects. In this section, the fundamentals of radiative heat transfer will be 

briefly introduced. 

An ideal object (so-called blackbody) at a given temperature T emits electromagnetic radiation 

randomly in all directions. The emitted energy Ebb is a function of temperature and wavelength 

and is described by Planck’s law20 

𝐸bb =
2hc2

𝜆5
 

1

𝑒hc/kb𝑇𝜆 − 1
 (14) 

Where h is the Planck constant, and kb is the Boltzmann constant.  

The emission profiles for perfect blackbody emitters at different (ambient) temperatures in 

Figure 1.2 reveal that the emission is mainly located in the near- to mid-infrared wavelength 

region. The maximum of the emission shifts to smaller wavelengths with increasing 

temperature while the overall emitted intensity is increasing. 

 

Figure 1.2: a) Blackbody intensity as a function of wavelength calculated with Planck’s law for 
different emitter temperatures. For typical ambient temperatures, the emission is mainly 
located at infrared wavelengths. b) Schematic of an emitter in a hemispherical enclosure with 
the polar angle θ and the azimuthal angle φ. 
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The total emitted power Pbb is received after spectral integration over all frequencies and 

angular integration over the hemisphere above the emitter. Figure 1.2b shows an emitter in a 

hemispherical enclosure. For the description, a polar coordinate system is used with the polar 

angle θ as the angle with respect to the surface normal and the azimuthal angle φ. For the 

total emitted power, angular integration is performed between 0 and 90° (π/2) for θ and 

between 0 and 360° (2π) in azimuthal direction for the entire hemisphere: 

𝑃bb = ∫ 𝐸bb𝑑𝜆
∞

0

∫ ∫ sin 𝜃 cos 𝜃𝑑𝜃𝑑𝜑

𝜋
2

0

2𝜋

0

 (15) 

And leads to the Stefan-Boltzmann law20 with the Stefan-Boltzmann constant σ: 

𝑃bb = σ𝑇4 (16) 

Therefore, the emitted power of a perfect emitter scales with T4. This connection implies that 

radiative coolers at higher ambient temperatures potentially emit more energy than coolers at 

lower ambient temperatures. 

Planck’s law describes a perfect black body that emits (and consequently absorbs) radiation 

of all frequencies. However, typically objects are non-perfect emitters and emit radiation 

depending on their optical properties. The emitted power of a non-perfect emitter (grey body) 

can be obtained by multiplication of the materials emissivity ε(λ) with the intensity of the 

blackbody. 

𝑃mat = 𝑃bb ∙ 𝜀(𝜆) (17) 

Examples of thermal emission profiles at room temperature (298 K) for real samples with 

different emittances are shown in Figure 1.3. The example material with distinct emission 

peaks (Figure 1.3a) has an overall reduced emission intensity compared to the blackbody. The 

example also reveals that even with high emittance, the emitted intensity is still low for regions 

with overall low blackbody intensity at the given temperatures. In the example case, towards 

Near infrared (NIR) and Visible (Vis) wavelengths. In contrast, the second example material 

(Figure 1.3b) exhibits high emittance for most Infrared (IR) wavelengths and, therefore, nearly 

blackbody intensity. 
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Figure 1.3: Comparison of relative radiation intensity for two real samples with a) distinct 
emittance and b) broadband emittance. The Ideal blackbody spectrum is displayed in the 
background, and the calculated sample emission is presented as a blue area, respectively. 

To receive the total emitted power of a real material, the angle dependence of the emissivity 

needs to be reviewed. While the emissivity of a blackbody and a grey body is, per definition, 

angle independent (Lambert surface), the emissivity of a real material depends on the polar 

angle and decreases for higher angles. An example of the angle dependence extracted from 

the work of Rüdisser et al.24 is presented for a Soda-Lime glass in Figure 1.4. The radiant 

intensity follows the Lambert cosine law, and the actual radiant intensity is in close agreement 

with the prediction for a Lambert surface. 

 

Figure 1.4: Angle dependence (polar angle θ) of the emissivity for a Soda-Lime glass 
compared to the emissivity of a Lambert emitter (angle independent). The figure is adapted 
from the original publication24 and used according to the permission granted under the Creative 
Commons Attribution license (CC BY 4.0). 

Assuming azimuthal independence of the emissivity, the total emitted power of a material is 

described by25 
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𝑃mat = ∫ ∫ ∫ sin 𝜃 cos 𝜃 𝜀(𝑇, 𝜆, 𝜃) ∙ 𝐼bb(𝑇, 𝜆)𝑑𝜃𝑑𝜑𝑑𝜆

𝜋
2

0

2𝜋

0

∞

0

 (18) 

Within the field of passive radiative cooling, materials are designed that exhibit a positive net 

cooling power Pcool that leads to a temperature reduction in thermal equilibrium. This net 

cooling power is typically calculated by consideration of different contributions. The emittance 

of the material is the main mechanism exploited for the cooling effect. However, different loss 

mechanisms need to be considered. The equation for predicting the net cooling power is given 

by: 

𝑃cool = 𝑃mat − 𝑃atm − 𝑃sun − 𝑃nonrad (19) 

It considers loss due to energy transfer with the atmosphere Patm, the power input caused by 

solar absorption Psun, and non-radiative contributions Pnonrad, affecting the energy balance due 

to conductive and convective heat transfer. A schematic overview of the contributions is 

presented in Figure 1.5. The following paragraph will discuss the origin, relationships, and 

magnitude of the loss contributions. 

 

Figure 1.5: Schematic overview of the contributions to the net cooling power equation (19). 
The example shows an emitter film on a reflective substrate surface. The figure is adapted 
from the publication of Herrmann et al.26 and used according to the permission granted under 
the Creative Commons Attribution license (CC BY 4.0).   

For the energy exchange from the material to outer space, atmospheric transparency must be 

considered. Earth’s atmosphere is a mixture of gases that partially absorb thermal 

wavelengths. Without this absorption and the resulting greenhouse effect, the planet would be 

significantly colder.27 Gases like nitrogen and oxygen are the main constituents of the 

atmosphere but contribute very little to the overall absorption. The main contribution is from 

water, carbon dioxide, and ozone and, to a smaller extent, also nitrogen oxides or hydrocarbon 

compounds.28 The resulting transmittance of the atmosphere29 is used to model the angle-

dependent emissivity ε(θ) with 

𝜀(𝜃) = 𝛼 = 1 − 𝜏1/𝑐𝑜𝑠𝜃 

 

 
(20) 
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This expression of the angle-dependent emissivity considers the atmosphere as a radiator and 

is an approximation with the Lambert cosine law.30 With the emissivity of the atmosphere, the 

radiated power from the atmosphere can be calculated similarly to the material radiance. For 

the atmospheric power loss of the material also, the absorption properties of the material are 

taken into account, leading to 

𝑃atm = 2𝜋 ∫ 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 ∫ 𝐸bb(𝜆, 𝑇atm) ∙ 𝜀mat(𝜆) ∙ 𝜀atm(𝜆)𝑑𝜆𝑑𝜃
∞

0

𝜋
2

0

 (21) 

To minimize Patm, the material emissivity must be low in spectral regions where the atmosphere 

is not transparent. However, reduced emissivity implies reduced material emission. The 

delicate balance between emission and atmospheric loss leads to a complex relationship 

between overall cooling power as a function of temperature. A typical example is a selective 

emitter.25 A selective emitter is a material designed to specifically emit radiation in the first 

atmospheric transparency window between wavelengths of 8-13 µm. The emissivity in this 

region is set to be 1, while for all other wavelengths, the emissivity is considered to be 0. The 

other extreme is the broadband emitter case which considers an ideal blackbody with an 

emissivity of 1 for all wavelengths relevant to emission at typical ambient temperatures 

(>4 µm). Ideal emissivity profiles of a selective and broadband emitter are displayed in 

Figure 1.6. 

 

Figure 1.6: a) Comparison of the emissivity for a selective (red) and broadband emitter (black). 

The atmospheric transparency is displayed in the background.29 b) Net cooling power for the 

two emitter cases as a function of temperature for an ambient temperature of 298 K. Losses 

by solar absorption or non-radiative contributions are excluded. The selective emitter has lower 

cooling power at ambient but reaches lower equilibrium temperatures. 

Both contributions to the cooling power Pmat and Patm are a function of temperature, and the 

equilibrium temperature is reached at Pcool = 0. For comparing the two emitter cases, the 
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cooling power is displayed as a function of material temperature in Figure 1.6b. Note that solar 

absorption and non-radiative losses are not considered for this example (Psun = 0, Pnonrad = 0). 

While the selective emitter provides lower cooling power at ambient temperatures, a positive 

cooling power remains for colder temperatures below ambient. Consequently, a potentially low 

equilibrium temperature of the emitter (Pcool = 0) can be reached. In contrast, broadband 

emitters have higher ambient and above ambient cooling power, but the reached equilibrium 

temperatures will be higher than the selective emitter case. Idealized emitters with more 

complex wavelength dependent emissivity were compared in the work of Li et al.31 For the full 

description of the system, the additional losses of solar irradiation and non-radiative processes 

need to be included. The origin and magnitude of these will be discussed in the following 

paragraph. 

The sun's power input can potentially vanish the cooling effect completely. Early works on 

radiative cooling only considered the nighttime case, where solar irradiation is absent.30, 32 For 

calculating the passive cooling potential, a solar irradiance of 1000 Wm-2 is typically 

considered. This value is the integrated solar irradiance of an Air mass (AM) of 1.5. The AM is 

defined with AM = l/l0, with l as the actual length of a light beam through the atmosphere and 

the shortest possible length at normal incidence l0. The actual solar irradiation can drastically 

change depending on the season, irradiation angle, and atmospheric conditions like cloud 

coverage.33 For standardization, the American society for testing and materials recommends 

using the AM 1.5 solar spectrum (ASTM G-173-03).34 A typical spectrum is shown in Figure 

1.7 and can be described by a blackbody at a temperature of 5777 K. The spectrum considers 

losses to the atmosphere by scattering or absorption, and the sun is positioned at an angle of 

θSun = 41.8° with respect to the surface normal. This aims to represent the year average for the 

mid-latitude sun position. 
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Figure 1.7: AM 1.5 solar spectrum (normalized) used as a standard for calculations.34 The 
overall intensity distribution is represented by a blackbody with a temperature of 5777 K. 
Absorption in the atmosphere leads to reduced radiance for specific wavelengths. 

To minimize solar absorption, the radiative cooler should not absorb any light in the wavelength 

range of solar irradiation. At the same time, the light should not be absorbed in the material 

below the cooler; therefore, high reflectance needs to be achieved. The loss contribution due 

to solar absorption Psun can be calculated after integration, similar to the material emittance. 

Angular integration for the emissivity is not necessary as the sun position is fixed for the AM 1.5 

solar spectrum, leading to: 

𝑃sun = ∫ 𝐼AM1.5(𝜆) ∙ 𝜀mat(𝜆, 𝜃Sun)
∞

0

𝑑𝜆 (22) 

Besides radiative contributions also, non-radiative losses need to be considered. Convection 

from the surrounding gas phase and conductive losses via direct contact with the cooling 

material are conventionally combined into one term: 

𝑃nonrad = ℎ(𝑇amb − 𝑇mat) (23) 

With h, the non-radiative heat transfer coefficient. The non-radiative power losses are a 

function of material temperature and have a stronger influence if the material temperature 

drops further below ambient. In actual applications of cooling materials, the non-radiative heat 

transport pathways could be target pathways to harness the generated cooling power and 

dissipate heat from a heat source. For the contributions in this thesis, typically, a value of 

h = 4.4 Wm-2K-1 is used for calculations as an average value. Depending on the experimental 

system, the value can range from 0 (perfectly isolated) to 10 Wm-2K-1 (or more).35 

With the outlined concepts, researchers realized passive cooling properties within actual 

devices with many materials and advanced concepts. The following section will briefly 

summarize current state-of-the-art developments relevant to this thesis. 
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State of the Art 

Different researchers already described the concept of cooling surfaces by utilizing selectively 

emitting materials decades ago.30, 32, 36-39 Back then, the idea was to find materials that 

selectively emit within the atmospheric transparency window between 8-13 µm to reach low 

temperatures during night-time. With the first demonstration of radiative cooling also during 

daytime by Raman et al.40, the research attention in this field greatly increased. In the last 

decade, new materials, concepts, and strategies emerged to design radiative cooling 

materials.25, 35, 41, 42 In the following section, key design concepts and materials will be briefly 

introduced and summarized. 

Tune emission properties 

To create materials with the highest cooling power or that can reach the lowest equilibrium 

temperature, the emissivity of the material needs to be optimized. As thermal emission at 

typical ambient temperatures is located at infrared wavelengths, the optical properties in this 

wavelength regime are most important. Tuning the emission properties is achieved by 

selecting materials that intrinsically possess the desired properties or by optical engineering 

with a certain structure. 

The intrinsic material properties in the infrared region originate from vibrational transitions 

within the material.43 The molecular composition affects the frequency of the occurring 

transition, and therefore, with the presence of a certain molecular motive, the 

absorption/emission can be selected. Within the range of the atmospheric transparency 

window (8-13 µm or 770 – 1250 cm-1), deformation vibrations are predominant. Many materials 

exhibit favorable absorptions from reoccurring molecular motives and their respective 

deformation vibrations. Synthetic polymeric materials that include functionalities with bonds of 

C-F, C-Cl, C-O, or C-N are possible candidates for passive radiative daytime cooling because 

the frequencies of the respective deformation vibrations are likely to be in the correct range.44 

The resulting flexibility is a clear advantage for selecting a suitable polymer. Researchers 

demonstrated passive cooling with Poly(methyl methacrylate) (PMMA)44, Polyvinylidene 

fluoride (PVDF)44, polymethylpentene (PMP)45, clear epoxy46, or Polyvinyl fluoride (PVF)47. An 

example of a polymeric cooling material that consists of a porous copolymer of Polyvinylidene 

fluoride-co-hexafluoropentene (PVDF-HFP)48 is presented in Figure 1.8a. 

An important polymer that is heavily investigated because of its favorable absorptions is 

polydimethylsiloxane PDMS49-51. The material consists of a Si-O connected polymer backbone 

with Si-C connected methyl groups. This combination of molecular motives leads to a strong 

and selective absorption within the atmospheric window. In combination with other properties 

like low solar absorption, and low cost, PDMS is a simple but highly effective material for 
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passive radiative cooling. The emissivity of PDMS can be further enhanced by the addition of 

structure.52-54 The structured surfaces exhibit lower reflectance in the emission regime, and 

therefore, higher emittance is achieved. The additional emittance gain of this approach is 

comparably low, as a plain PDMS surface already has an emittance > 90% in the atmospheric 

window.50 However, this general strategy can be easily transferred to other polymers55, offering 

a versatile approach to fine-tune the emission properties.  

The example of PDMS shows that also vibrational modes found in inorganic materials are 

suitable for passive radiative cooling. Especially a variety of oxides like SiO30, SiO2
56, Al2O3

57, 

and Si3N4
56 were considered in previous works. Combining different inorganic materials in a 

layered fashion is a common approach to optimize the emission of these structures. Photonic 

materials with stacked layers of different oxides or nitrides can show exceptional selectivity.40, 

58-60 However, proposed heavily optimized photonic structures can consist of more than 30 

layers with complex geometrical architecture.61 An Example of a photonic structure made from 

alternating layers of SiO2 and Si3N4 with different layer thicknesses from the work of Yao et al. 

is presented in Figure 1.8b.59 

 

Figure 1.8: a) porous PVDF-HFP copolymer film adapted from the work of Mandal et al.48 
Reprinted with permission from AAAS. The inset shows the hierarchically porous 
microstructure of the film. b) Photonic structure build from alternating layers of SiO2 and Si3N4 
on a back reflector (BR). The design combines thermal emission and high solar reflectance. 
Adapted with permission from ref59 Copyright © 2023 American Chemical Society. c) 
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Schematic presentation of the Bio radiative cooling film proposed by Zhang et al.62 The material 
consists of a composite of Al2O3 nanoparticles in a PDMS matrix. The surface of the material 
is structured with a pyramidal pattern to enhance the Vis-NIR reflectance. Permission to 
reproduce for non-commercial use is granted under the PNAS license. 

Another approach for realizing specific emissions is the combination of inorganic particles in a 

polymer matrix. The theoretic potential of this approach was outlined by Gentle and Smith with 

the combination of SiO2 and SiC nanoparticles in a Polyethylene (PE) matrix.63 They showed 

that the particles strongly and selectively emit in parts of the atmospheric window, while the 

matrix material contributes little when the overall film thickness is small. The selective nature 

of the emission from Si-O and Si-C vibrations was later utilized within one material (PDMS), 

as outlined before. After the initial demonstration of daytime passive radiative cooling with a 

photonic structure40, Zhai et al. prepared a composite material consisting of silica spheres in a 

PMP matrix.64 This material achieved sub-ambient daytime cooling in combination with a silver 

reflector and has the advantage of being producible in a roll-to-roll fashion. In recent works, 

other matrix materials like fluorinated polyimide65, PMMA66, or Acrylic polymer systems67, 68 

were proposed. Further, particle materials like Al2O3
67, TiO2

69, or BaSO4
68 gained increasing 

attention. One example material that combines Al2O3 nanoparticles with a PDMS matrix is 

presented in the work of Zhang et al.62 (Figure 1.8c). In general, the combination of particles 

and a matrix material as a composite offers high flexibility in the selection of materials and the 

resulting properties. 

Besides the choice of materials, also particle size affects the optical response. In the theoretical 

description of Gentle and Smith, the particle diameter was small (50 nm) compared to the 

wavelength range of interest (8 – 13 µm), and the film was considered an effective medium.63 

In contrast, the composite material demonstrated by Zhai et al. used larger particles with 8 µm 

in diameter, leading to a broadband emitter.64 Therefore, for the design of a composite material, 

the particle size must be chosen accordingly. Note that the particle size also significantly 

influences the material response to solar wavelengths. This interaction will be discussed in the 

following section about solar management. 

Solar management 

To realize passive radiative cooling below ambient during daytime, the absorption of sunlight 

needs to be mostly prevented. This is only achievable by high solar reflectance, as transmitted 

sunlight will be absorbed by underlying layers within the system eventually. For maximized 

cooling power, no sunlight absorption is the best case. How much solar absorption can be 

tolerated depends on the exact atmospheric conditions, the material emission properties, and 

the power and irradiation angle of the sunlight. 
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Figure 1.9: Schematic overview of solar management strategies. The solar filter (a) is 
introduced above the emitter and prevents solar absorption but is transparent for infrared 
emission. A metallic reflector (b) below the emitter reflects solar wavelengths. The emitter 
ideally absorbs no sunlight for this approach. c) within a structured emitter material, scattering 
of solar wavelengths leads to high overall reflectance, and no additional reflector is needed. 

For high solar reflectance, three main concepts are currently used and discussed. The three 

concepts are schematically displayed in Figure 1.9. The solar filter approach Figure 1.9a 

utilizes the frequency differences between solar irradiation and thermal emission. A cover 

material is designed above the thermal emitter that is mostly transparent for thermal radiation 

but reflects sunlight. Early works proposed pigmented polymer foils70, 71 but failed to achieve 

the necessary reflectance to cool below ambient temperature. In more recent works, porosity 

was introduced to achieve a solar reflectance of 92 %72, and 95 % after further optimization.73 

While this approach offers more flexibility in the choice of the emitter material, the thickness 

required for the high reflectance has the drawback of reducing the transmittance within the 

atmospheric transparency window below 80 %. 

The second concept is to use a solar reflector layer below the emitter material Figure 1.9b. 

This approach is widely adopted in recent works that demonstrate passive radiative daytime 

cooling.49-51, 74 Typically, metal layers like aluminum or silver are used, as they offer high solar 

reflectance and are easy to apply. While aluminum is cheaper, the lower solar reflectance of 

86 to 91 % compared to silver with 92.5 to 95.5 % is not ideal for maximum cooling 

performance.75 

The third approach aims to design the emitter material such that it combines the properties of 

high emittance in the IR and high solar reflectance (Figure 1.9c). This was demonstrated by 

Mandal et al. in a recent work.48 A dual solvent system was used to prepare a hierarchically 

porous PVDF-HFP film. A solar reflectance of 97 % could be demonstrated while the material 

strongly emits thermal radiation at the same time. The introduction of a scattering structure in 

the form of pores is the second widely used approach for solar management.76-84 With this 

strategy, the commonly used metallic reflection layer can be omitted, but the fabrication of 

porous structures can be a challenging task, depending on the target emitter material. 

From the proposed approaches, the metallic reflectors are the easiest to realize, and 

substrates are commercially available. The use of reflector substrates, therefore, enables the 
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direct comparison of different emitter materials, and they can be used as simple reference 

material in field tests. Throughout this thesis, metallic reflectors are the main tool for solar 

management in chapters 6,7 and 8. However, chapter 5 presents an alternative approach that 

relies on the reflectance of a colloidal assembly. 

To describe the optical response within assemblies of particles or pores, Mie theory is 

applied.48 If particles are assembled in an ordered structure, additional optical effects can be 

achieved. For example, in colloidal crystals, a close-packed assembly of colloidal particles, 

certain wavelengths are strongly reflected.85 This causes the assembly to exhibit iridescent 

(angle-dependent) structural colors that can be tuned by changing particle size.86 The 

fabrication and properties of these materials were studied with great detail.87 In contrast to 

highly ordered systems, also disordered assemblies are of great interest. Within these non-

close packed systems, the light transport can be described as diffusive, and the coloration 

caused by individual Mie resonances and short-range order is angle independent.88, 89 For 

passive cooling, these systems are especially interesting because disordered systems can 

show remarkable scattering efficiency even for thin layers and low refractive index materials.90, 

91  

Apart from synthetic materials, also naturally occurring systems can show passive radiative 

cooling. One example found in nature is the Saharan silver ant (Figure 1.10a). With the intricate 

structure of its chitin hairs (Figure 1.10b), the ant can maintain a below-critical body 

temperature, even with direct sunlight illumination in the Sahara desert. The study of the 

underlying mechanisms by Shi et al.92 revealed that the hair structure enhances the solar 

reflectance while simultaneously decreasing the reflectance for infrared wavelengths (thus 

enhancing the thermal emittance). Besides this example, other structures found in nature are 

of great interest for Bio-inspired photonic materials (also beyond the field of radiative 

cooling).93, 94 In nature, the evolutionarily developed photonic structures serve different 

functions, from thermal management to camouflage. To mimic these structures for passive 

cooling, different beetle species are especially interesting. A random network structure within 

Cyphochilius and Lepidiota stigma beetles showed exceptional scattering properties for 

comparable low thicknesses and refractive index of the material (Figure 1.10c and d).95 

Another example is the shell/hollow cylindrical structure found in the Goliathus goliatus beetle, 

which exhibits omnidirectional reflectance for solar wavelengths.96 
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Figure 1.10: a) picture of a Saharan silver ant that displays the reflective appearance of the 
ant's body. The scale bar is 5 mm. b) A Scanning electron microscope (SEM) image with a 
cross-section of the ant's hairs reveals the hierarchical structure of the triangular hairs. The 
scale bar is 2 µm. The images are adapted from ref.92 Reprinted with permission from AAAS. 
c) A photograph of the Cyphochilius beetle shows the white appearance of its scales. d) SEM 
micrograph of the scale cross-section reveals an unordered network structure. The scale bar 
is 2 µm. The figure is adapted from the original work95 and used according to the permission 
granted under the Creative Commons Attribution license (CC BY 4.0). 

Attempts to mimic biological structures with polymeric material is a common approach in recent 

literature.62, 91, 97-99 However, the actual material the structures are made of in nature (chitin) 

and its water-processable form (chitosan) received little attention in the field of passive 

radiative cooling (a detailed study of these materials is presented in Chapter 7). In contrast, 

cellulose, the chemically similar and most abundant polysaccharide on earth100, was studied 

more comprehensively. In a recent publication, Li et al. presented passive daytime radiative 

cooling with a material that consists of aligned nano cellulose fibers extracted from wood.101 

Other works used cellulose in combination with silica particles102 or prepared a material from 

cellulose acetate84 for the purpose of passive radiative cooling.  

Besides cellulose also, silk was investigated as a biomaterial for passive radiative cooling103, 

and a silk-inspired system was presented.104 Especially the high reflectance for visible 

wavelengths in natural silk is a clear advantage of the materials. The origin of this property 

was found to be rooted in the randomly distributed nanofibrils within the individual silk fibers. 
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This intricate structure hinders the free diffusion of light (Anderson localization), resulting in 

high reflectance.105 

The presented examples show that, in nature, the combination of material and structure leads 

to advantageous effective properties. For the application or transfer to passive radiative cooling 

systems especially, the light scattering mechanisms are interesting to improve solar 

management strategies. But also, the used materials are a source of inspiration for 

biocompatible and sustainable passive cooling systems. 
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2. Method Section 

With the demonstration of below ambient passive daytime radiative cooling and the newly 

gained interest in the concept, also new characterization methods were developed to assess 

the material performance. In this section, a summary of the current state-of-the-art methods 

and technical challenges for optical characterization relevant to this thesis are described. 

Rooftop Experiment 

The actual demonstration of passive radiative (daytime) cooling is mainly done in a field test. 

The sample is exposed to the atmosphere and outer space for the radiative energy exchange 

to take place. To evaluate the overall cooling performance of a material, two strategies are 

widely adapted: The measurement of the equilibrium temperature in a steady state or the 

measurement of the cooling power with a feedback-controlled system to hold the temperature 

at a constant value.55 

Temperature measurement 

The setup for the measurement of equilibrium temperature typically consists of a temperature 

sensor below the sample to track the sample temperature. The sample is placed in an isolating 

enclosure (foam) to minimize conductive losses. A thin PE cover foil is used to prevent 

convective losses, which prevents air exchange to the outside of the enclosure. At the same 

time, the cover is mostly transparent for infrared and solar radiation, not to strongly interfere 

with the radiative balance of the sample system. Below the sample, a highly thermally 

conducting metal plate can be used to ensure a homogeneous temperature distribution. An 

example setup as used by Li et al.106 is shown in Figure 2.1a. 

For the actual measurement, the setup is presented to the atmosphere under outside 

conditions. An elevated position is chosen (rooftop) to access the entire hemisphere and to 

avoid radiative thermal contact with other objects like buildings or vegetation. More advanced 

constructions can include a cover frame to change the accessed angle range of the 

emittance.50 Another option is to block direct sunlight illumination during the daytime with a 

shading cover.107 



22 
 

 

Figure 2.1: a) Typical Rooftop setup for measurement of the below ambient temperature as 
presented in the work of Li et al.106 A thermocouple below the sample (photonic film) monitors 
the temperatures. Foam insulation is applied to prevent conductive losses, and a PE cover film 
reduces convective losses. For an even temperature distribution, this setup includes an 
aluminum plate. The ambient temperature is monitored next to the setup with a weather station 
(Stevenson screen). A picture of the actual setup is shown in panel b). Adapted with permission 
from ref106 copyright © 2021 Wiley-VCH GmbH. b) From the work of Mandal et al.48 Reprinted 
with permission from AAAS. 

As the emitted power (and consequently, the equilibrium temperature with respect to ambient) 

is a function of ambient temperature, the surrounding temperature must be monitored. The 

ambient temperature measurement is equally important, as it marks the reference point for 

below-ambient cooling. Where this temperature is measured is ambiguous and, thus, reduces 

the comparability of results. Sometimes, the ambient temperature measurement is performed 

either next to the setup68, 108 or integrated into a weather station.74, 106 The reference 

temperature measurement within the sample box can result in thermal contact between the 

sample and reference and is consequently not ideal. A possible solution is presented in 

chapters 6 and 7 with the construction of multiple equally designed test boxes, where one is 

designed for the reference measurement. 

Power Measurement 

The second commonly applied option to evaluate the material performance aims to measure 

the cooling power of the sample.64, 109, 110 The overall approach and setup follow a similar 

design as the temperature measurement. However, in this approach, a feedback-controlled 

heater system below the sample holds the temperature constant. An example setup for this 

measurement approach is presented in Figure 2.1b. The power input to drive the heater is 

monitored and directly translates to the overall cooling power. If the system is held at ambient 
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temperature, the non-radiative losses are greatly suppressed and ideally vanish, as they are a 

function of temperature difference with respect to ambient. By setting different temperatures 

below and above ambient, the non-radiative heat loss coefficient of the setup can even be 

determined.72 

Indoor Experiment 

One main challenge for all setups is the comparability of obtained results. The atmospheric 

conditions and solar irradiation fluctuate depending on the exact location and time with 

seasonal and daily changes. The temperature or power measurements for the samples are 

supplemented with additional measurements of the total solar irradiation, wind speed, and 

humidity. For these data, the standardized methods developed by meteorologists can be 

utilized, and instruments are commercially available. However, the direct comparison of two 

materials is only possible by measuring them simultaneously and in the same location with 

identical setups. 

One way to become independent of atmospheric conditions would be to construct an artificial 

measurement setup. A first attempt was shown by Zhou et al. with a liquid nitrogen-cooled 

container, including an absorber as a heat sink.50 In the work of Park et al., a similar setup is 

demonstrated that even includes a solar simulator to emulate solar irradiation during 

daytime.111 One attempt is also presented in this thesis in chapter 8, but to mimic all aspects 

of the outside measurement (sun, atmospheric selectivity, and outer space) perfectly, remains 

a challenge. 

Characterization Techniques for Optical Properties 

The optical properties of a material are key to tailoring the radiative energy exchange of the 

material and its surrounding. For incoming radiation (loss), the absorption properties over the 

entire spectrum of electromagnetic radiation are relevant. In contrast, the energy radiated off 

by the material depends on the emission properties and the temperature of the material, as 

described by Planck’s law. For the application as a passive radiative cooling material, the 

wavelength range of interest is localized between the UV-Vis region and the far-IR. 

Consequently, to predict the performance of passive cooling materials, the optical properties 

need to be known for this large wavelength range. In the following section, the technical 

aspects of measuring the broadband optical response of materials (as performed in this thesis) 

are briefly discussed. 

Experimentally spectroscopic techniques are employed to measure the reflectance and 

transmittance of the sample material directly. The absorptance, and consequently, emittance, 

is then calculated considering energy conservation as introduced in equation (19). Because 
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the wavelength range of interest is large, typical instruments cannot probe the entire range of 

interest. However, with a UV-Vis and Fourier-transform infrared (FTIR) spectrometer (which 

are commercially available), most of the relevant wavelengths can be investigated. A typical 

setup includes a radiation source that illuminates the sample, and the transmitted/reflected 

intensity is detected. Wavelength discrimination is either achieved with an optical grid to select 

individual wavelengths (UV-Vis), or an ensemble signal is collected, and in combination with 

an interferometer, a spectrum is extracted with Fourier transform of the signal. With respect to 

a reference measurement, the quantity of interest is finally extracted. 

 

Figure 2.2: Illustration of the light propagation within an integrating sphere for transmittance a) 
and reflectance b) geometry, respectively. The reflected or transmitted light is diffusely 
distributed within the integrating sphere, and the detector (bottom of the sphere) measures an 
average illumination signal. 

For samples that include inhomogeneities like structures or in composite materials, scattering 

of transmitted or reflected light needs to be considered. An integrating sphere is included in 

the measurement geometry to collect scattered light intensity.112 The measurement geometry 

for transmittance and reflectance is schematically displayed in Figure 2.2. The sphere is made 

of a material that is highly reflecting in a diffuse manner. For the UV-Vis wavelength range, 

fluorinated polymers or BaSO4 coatings are used, while for IR wavelengths, a diffuse gold 

coating is applied to the sphere surface. The sample is mounted at an opening of the sphere, 

and the transmitted or reflected light is diffusely distributed within the sphere. The 

measurement signal is the average illumination intensity of the sphere with respect to a 

reference sample. The signal is collected with a detector that is ideally placed such that 

specular reflected or transmitted light does not reach the detector directly (overestimation of 

average illumination). The quantity of interest is not measured with perfect accuracy, as the 

sphere needs to have an opening for the incident beam, and the sample needs to be mounted 

to cover parts of the sphere. A fraction of the light will, therefore, escape the sphere or is not 

contributing to the average illumination in an equal manner. In general, with a larger integrating 

sphere diameter, a smaller fraction of the sphere surface is needed for openings, and the 
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accuracy is higher. This is especially relevant if different instruments and spheres are used as 

required to investigate passive radiative cooling materials. Another challenge is the selection 

of a reference sample for the integrating sphere measurement. A mirror reference is 

recommended for mostly specularly reflecting surfaces, while for rough, structured, or 

composite samples, a diffuse standard is chosen. 

An example measurement for a film that scatters light is presented in Figure 2.3. The 

transmittance measured for normal incidence and detection in the normal direction is below 80 

% for the entire measurement range. However, a measurement with the integrating sphere 

that also collects scattered light reveals that the overall transmittance is even above 80 % for 

the entire wavelength range. Without the integrating sphere, the transmittance is 

underestimated, and therefore, the absorptance of the sample is overestimated. 

 

Figure 2.3: a) Comparison between normal and integrated transmittance for an example 
polymer composite film with scattering particles. The detected transmittance intensity is much 
higher if the scattered light is included. b) Changeover region between the UV-Vis and FTIR 
spectrometer with overlap of the traces between wavelengths of 1.3 µm - 2.5 µm. Quantitative 
agreement between the two measurements at the different instruments is found. 

Besides the recognition of scattering contributions, another challenge for the experimental 

measurement of the optical properties is the large wavelength range of interest. To cover the 

wavelength range from UV to IR, different instruments are used with multiple light sources, 

detectors, and reference samples. The large number of components leads to multiple 

changeover points within the measurement, and following, the critical wavelength regions will 

be briefly introduced. 

The most dominant changeover is between the UV-Vis and FTIR spectrometer. Two example 

spectra are presented in Figure 2.3b for transmittance measurements at the respective 

integrating spheres. The UV-Vis measurement range extends up to a wavelength of 2.5 µm 

while the FTIR spectrometer measurement starts at 1.3 µm. An overlap region is apparent, 

and very similar transmittance is found for the sample. To calculate the cooling performance 
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of materials, the spectra are combined by cutting both spectra at 2 µm as the edges of the 

probed range show increased noise (especially for FTIR due to low light source intensity for 

these wavelengths). If a disagreement between the two instruments occurs, different factors 

can be the cause. The spot size between the instruments is different, and for inhomogeneous 

samples, the measured quantity can deviate. Other reasons for a disagreement could be the 

sphere size difference or the choice of reference material. 

Other critical changeover points are located in the Vis region of the spectrum. To cover the 

entire measurement range (0.25 µm – 2.5 µm) within one instrument, two light sources, two 

grids, and two detectors are used. One difficulty for the detector changeover is the polarization 

dependence presented in Figure 2.4a. The example sample is measured in transmission 

geometry, and a polarizer is included within the measurement path. The two polarization 

directions are measured individually, and a step in transmission intensity can be observed at 

the detector changeover wavelength (1.05 µm). After averaging the two measurements, the 

step vanishes. Polarization effects are most visible at the changeover points as the detector is 

polarization sensitive, and optical components like the grid for wavelength selection will 

partially polarize the incident beam.113 The step can be severe, especially for samples with a 

certain anisotropy. If no polarizer can be included in the beam path, two measurements can 

be averaged after rotating the sample by 90°, respectively. This technique can potentially 

reduce the step (for example, at the port of the integrating sphere).  

Another reoccurring difficulty for samples investigated within this thesis is related to an 

interference effect visible for thin films. Figure 2.4b shows a transmittance experiment 

performed on a thin polymer film. An oscillating transmittance intensity is apparent that 

originates from the interference of the directly transmitted beam with the partially reflected 

beam at the interfaces of the film. The amplitude of the oscillations changes at a wavelength 

of 0.85 µm, the detector and grid changeover point for this experiment (dashed line). To 

elucidate the change in intensity, a series of experiments are presented in Figure 2.4c and d 

that were measured at the same sample with different spectrometer settings. The sample is a 

thin film on a reflective substrate, and the presented traces are vertically shifted for better 

comparison. The changing parameter is the set spectral bandwidth (SBW), a parameter that 

describes the width (full-width half maximum) of the incident wavelength distribution after the 

optical grid. The SBW is controlled with a slit opening after the grid within the spectrometer. 

With higher spectral bandwidth (slit open) overall, more light intensity is achieved, and the 

signal-to-noise ratio is improving. However, the wavelength resolution decreases, and the 

interference effect is less resolved. Thus, the amplitude of the oscillations decreases. This is 

also the case if the sample region is inhomogeneous, as the interference effect is sensitive to 

the sample thickness. Changing spectral bandwidth can lead to abrupt intensity fluctuation and 
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occurs at the grid and detector changeover point (Figure 2.4, dashed line). This challenge can 

be solved with fixed SBW, however, overall at the cost of wavelength resolution and reduced 

signal-to-noise ratio towards the infrared region. 

 

Figure 2.4: a) polarization-dependent transmittance measurement with detector changeover 
at 1.05 µm. The jump in transmittance intensity at the changeover point can be diminished by 
averaging both polarization directions. b) transmittance measurement of polymer thin film with 
periodically fluctuating intensity caused by interference of the primary beam with the double 
reflected beam. The dashed line marks the detector and grid changeover point for the 
measurement. c) reflectance measurement of polymer thin film on a reflecting substrate with 
different spectral bandwidth settings. The traces are shifted vertically for a better overview. 
With lower spectral bandwidth towards infrared wavelengths, the noise level increases. d) 
zoom-in around the detector and grid changeover point (dashed line) reveals a higher 
resolution of interference (increased amplitude of oscillation) for smaller spectral bandwidth. 
Different spectral bandwidths before and after the changeover lead to a jump in intensity. 

Polymeric thin films are a common sample type throughout different contributions of this thesis, 

and investigating and solving the described challenges was an integral part of my work. 

However, the technical aspects of the measurements are of minor importance in the context 

of the individual contributions and will not be further discussed in the following chapters. 
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3. Thesis Outline 

3.1 Synopsis 

This thesis presents new design strategies, materials, and characterization methods for 

passive radiative cooling. Five individual contributions are included that treat different aspects 

of how optical properties influence radiative heat transfer. A schematic overview of the different 

contributions of this thesis is presented in Figure 3.1. 

 

Figure 3.1: Schematic overview of the content presented within this thesis. Chapters 5 – 7 
discuss different design aspects of Materials for passive radiative cooling. Chapters 8 and 9 
present advancements in radiative heat transport characterization. 

In the first part of the thesis (chapters 5 – 7), different material design aspects for passive 

cooling materials are investigated. Chapter 5 presents a novel synthesis method for colloidal 

polymer particles with gradually increasing size. The work of this contribution has been 

conducted in cooperation with Marius Schöttle. Individual fractions of particles were extracted, 

and their size and optical response in crystalline assemblies were analyzed. A colloidal glass 

was assembled from the individual fractions with a continuous size gradient from bottom to 

top, and the reflectance of these novel assemblies and suitable reference systems were 

studied with spectroscopy. The unique broadband reflectance of the gradient mesostructure is 

a feature that expands the toolbox of solar management strategies for passive radiative 

daytime cooling. 

In chapter 6, the role of another material parameter of radiative daytime cooling materials is 

discussed: layer thickness. A theoretical framework enables the calculation of the material 

cooling performance solely based on complex refractive index data. The theoretical 
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calculations are verified by comparing samples with different layer thicknesses. This 

comparison includes extensive optical characterization over a broad wavelength range from 

UV-Vis to mid-IR. The study reveals an optimum thickness for both daytime and nighttime 

operation. In chapter 7, the cooling potential of films made from the Bio-derived materials 

Chitosan and Chitin are evaluated in detail. A transformation reaction between the two 

polymers is presented that can be performed in the solid state. To quantify the reaction 

process, solid-state nuclear magnetic resonance (NMR) spectroscopy is applied. The water 

processability of chitosan becomes a drawback in an outside application. Thus, the water 

stability of chitosan and chitin is assessed in a dissolution experiment. Additionally, the cooling 

performance is estimated based on the optical properties and confirmed in a field experiment. 

The second part of the thesis revolves around methods developed to characterize the radiative 

heat transfer properties of materials. To quantify the radiative cooling performance, rooftop 

experiments are widely performed. Chapter 8 presents an indoor setup that aims to mimic 

typical outside conditions for field tests of radiative cooling materials, which has been 

developed in cooperation with my colleagues Qimeng Song and Thomas Tran. The setup 

enables reproducible characterization of the passive cooling properties independent of outside 

conditions. A hemispherical dome is used to resemble the radiative energy transfer problem 

of the earth’s surface to outer space.  With the addition of a mid-IR filter, even atmospheric 

selectivity is introduced to this artificial system. Finally, chapter 9 presents how the radiative 

energy transfer experiment of a sample in the hemispherical dome can be adapted to 

characterize textile materials. Specifically, it is investigated how the optical properties of a dual-

sided textile fabricated by my collaborator Qiang Gao affect the radiative energy loss from the 

human body to the surrounding. Following, the results of the individual contributions to this 

thesis will be summarized.  
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The first contribution (Chapter 5) presents a synthesis method for colloidal polymer particles 

to obtain particles with gradually increasing size, which was developed by my colleague Marius 

Schöttle. Fractions of the synthesized particles can be stored in a tube with the introduced 

controlled emulsion extraction process (CrEEP). Each fraction contains a distinct particle size 

that increases in subsequent fractions with a longer reaction time. 

The stored fractions were used to produce different colloidal glass assemblies to study their 

optical properties. One set of glasses consists of particles with uniform sizes but different 

diameters (Figure 3.2a and b). The optical properties of these assemblies were compared to 

a bilayer colloidal glass (Figure 3.2c) and a continuous gradient assemblie. To prepare the 

continuous gradient, the fractions were gradually assembled with increasing size, resulting in 

a colloidal glass with continuously increasing particle size (Figure 3.2d).  

 

Figure 3.2: Optical microscopy images displaying cross-sections of different colloidal glass 
assemblies (a – d). The scale bar is 50 µm. e)-f) Respective UV-Vis reflectance spectra of the 
presented colloidal glass assemblies measured with an integrating sphere. The inset in f) 
shows the measurement geometry. The backing layer attaching the samples to a substrate 
has negligible reflectance (dashed line). The figure is adapted from the original publication114 
and used according to the permission granted under the Creative Commons Attribution license 
(CC BY 4.0). 

The reflectance of the respective assemblies was measured with a UV-Vis spectrometer at the 

reflectance port of an integrating sphere. With this measurement, the specular and diffuse 

reflected light is collected. The samples were mounted on supporting glass substrates with 

sticky carbon tape as an adhesive layer, as freestanding samples were not stable enough. 
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While ordered assemblies show distinct reflectance peaks due to the long-range order and 

fixed interparticle distance86, the response of colloidal glasses is fundamentally different. In 

disordered systems, Mie resonances of the individual particles show angle-independent 

coloration obscured by diffuse light scattering. This optical response can be observed in the 

resulting reflectance spectra of the individual particle glasses Figure 3.2. Both assemblies 

exhibit a reflectance peak at different wavelengths (small at 420 nm, large at 580 nm) due to 

their respective Mie resonance. A contribution from the adhesive backing layer is minor 

compared to the overall reflectance of the assemblies. 

In contrast, the gradient mixture exhibits a less pronounced reflectance peak at ~515 nm. With 

particles of different sizes, the respective Mie resonances are expected to overlap to one 

continuous reflectance response. The unexpected reflectance peak of the gradient mixture is 

not the response of formed crystallized particle clusters, as an SEM analysis revealed a 

statistical distribution of particle sizes. Analysis of simulated pair distribution functions reveals 

that a certain particle correlation (short-range order) persists for the gradient mixture. 

Therefore, we attribute the more pronounced reflectance of the gradient mixture to this 

correlation. In contrast, the continuous gradient assembly has broad reflectance for the entire 

wavelength range between the expected resonances of the particles. 

This behavior is especially interesting for applications where broadband reflectance is 

required. With the variation of size range and particle type, the presented approach can be 

used to realize the strong reflectance of a target wavelength range. In the context of passive 

radiative cooling, broadband reflectance is required to prevent the absorption of sunlight. By 

extending the plateau region in the reflectance spectrum gradient, colloidal assemblies could 

realize the necessary reflectance. The contribution shows one example of how to improve solar 

management strategies for passive radiative daytime cooling. Besides strong solar reflectance, 

the systems for passive radiative cooling should have high thermal emittance and low solar 

absorptance for good performance. These aspects are the focus of the second contribution of 

this thesis. 

In Chapter 6, we extended the methods for predicting the performance of materials for passive 

radiative cooling. Specifically, we studied the effect of layer thickness on the overall 

performance. While parameters like broadband or selective emitter and angle selectivity were 

previously regarded in detail in the literature, the contribution of material thickness received far 

less attention. Typically, an emitter material thickness was chosen to be sufficiently emissive 

within the atmospheric transparency window. However, this does not consider changes in solar 

absorption or emitter selectivity with varying thicknesses. 

To address the thickness dependence, we used available complex refractive index data of 

typical polymeric materials to calculate the optical properties. An example of PDMS is shown 
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in Figure 3.3. The calculation yields the absorptance as a function of wavelength, a quantity 

also accessible by spectroscopic analysis. For the experimental verification, very simple 

radiative cooling films were prepared. They were built by combining a silver mirror for solar 

reflection and PDMS films of different thicknesses as emitter layers. Figure 3.3 compares the 

absorptance spectra of actual samples with known thicknesses (Figure 3.3a) and calculated 

spectra (Figure 3.3b). 

The calculated spectra show that thin layers also show substantial absorptance for 

wavelengths with a high absorption coefficient k. In contrast, wavelengths with low magnitudes 

of k are only absorptive for thicker layers. Therefore, the layer thickness affects the sample's 

thermal emission and the loss of cooling power due to solar absorption or atmospheric 

radiation. The presented material transitions from selective emission within specific 

wavelengths for a thin film to unselective and broadband emission for thicker layers. 

 

Figure 3.3: a) UV-Vis absorptance spectra calculated from integrating sphere experiments (1-
R) for PDMS films with different thicknesses measured on a reflective silver mirror. The 
spectrum of the plain mirror is shown for reference. b) simulated absorptance spectra for the 
PDMS film thicknesses presented in a). The figure is adapted from the original publication26 
and used according to the permission granted under the Creative Commons Attribution license 
(CC BY 4.0). 

The cooling performance of the material can be estimated after calculation of the respective 

emitted power of the material and consideration of loss due to atmospheric back radiation or 

solar irradiation. Discrimination between daytime and nighttime case (with and without solar 

irradiation) is practical. The calculations reveal a thickness dependency of the individual 

contributions. A positive net cooling power translates to a temperature reduction of the material 

until an equilibrium temperature is reached with Pcool = 0. The expected temperature reduction 

below ambient as a function of layer thickness (Figure 3.4a and c) reveals an optimum layer 

thickness for both day- and nighttime cases. The dotted line depicts the respective layer 

thickness with the highest cooling power. Consequently, the thickness with the highest 

possible cooling power at ambient temperature differs from that with the lowest possible 
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equilibrium temperature. This result is highly relevant for practical applications of passive 

cooling materials, as the material can only be optimized for one case. The calculated trend 

was also validated with a rooftop experiment. The temperature reduction compared to a plain 

substrate was measured for samples with thicknesses from hundreds of nanometers to several 

millimeters. The measurements (Figure 3.4b and d) confirm the predicted trend and reveal an 

optimum thickness for the daytime case. 

 

Figure 3.4: Cooling power (color coded) as a function of the material thickness (x-axis) and 
temperature difference to ambient (y-axis) for daytime- (a) and nighttime-case (c). The dotted 
line depicts the thickness with maximum cooling power. The measured temperature reduction 
of actual samples with distinct thicknesses is presented for daytime- (b) and nighttime-case 
(d). The error bars are the standard deviation of the average measurement interval. The figure 
is adapted from the original publication26 and used according to the permission granted under 
the Creative Commons Attribution license (CC BY 4.0). 

The shown optimization can be applied to other materials if complex refractive index data are 

available. This transfer based on optical properties can be challenging for complex 

architectures like composites or structured materials, as calculations or measurements for the 

relevant wavelength range are difficult. However, even if the calculation from complex 

refractive index data is not possible, after the measurement of the absorptance, the cooling 

power can be estimated and determined for different sample thicknesses. Note that for the 

calculation from measured absorptance data, the angle dependence of the emission is not 

considered, as the integrating sphere measurement does not discriminate the emission angle 
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but measures an ensemble signal. However, predictions for the optimum thickness (range) are 

made that can be verified in a field test. 

For the application of passive cooling materials, more factors than performance optimization 

must be considered. One of those factors is the persistence time of the material in the 

environment. Especially for state-of-the-art cooling materials that use fluorinated polymers, 

very long persistence times can be expected.115 Alternatives are materials commonly found in 

nature, as they are known to be compatible with ecosystems. Strategies found in nature, like 

certain composites or structures, have also served as inspiration for advanced artificial 

materials.93 Chapter 7 focuses on the biomaterials Chitosan and Chitin and their potential for 

passive radiative cooling. 

Chitin is the acetylated form of the polysaccharide pol-N-glucosamine (Chitosan). The 

chemical structure of the two materials is very similar (Figure 3.5a), and conversion can be 

achieved with an N-acetylation or deacetylation reaction, respectively. Compared to many 

other polymer systems, chitosan has the advantage of being processable from a slightly acidic 

aqueous solution. After processing, chitosan can be transformed into chitin while retaining its 

solid-state structure. This combination of properties offers high flexibility for the application of 

the material. 

To evaluate their potential for passive cooling, a set of Chitosan and Chitin films was produced, 

and their optical properties were compared (Figure 3.5b and d). As outlined in Chapter 6, the 

material thickness significantly influences the optical properties. Therefore, a set of different 

film thicknesses were realized. A silver mirror was used as a back reflector, an easy way to 

achieve high overall reflectance for solar wavelengths. The presented samples show very low 

solar absorption, between 3.1 % and 6.9 %, respectively. At the same time, a multitude of 

absorption peaks can be observed towards the IR region. Due to the diversity of functional 

groups within the chemical structure, a large variety of absorption frequencies can be expected 

that lead to the respective absorption resonances. 
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Figure 3.5: a) Chemical structure of poly-N-glucosamine (Chitosan) and its acetylated form 
poly-N-acetyl glucosamine (Chitin). UV-Vis and IR absorptance spectra of Chitosan b) and 
Chitin d) samples on reflective silver mirror substrates. The absorptance of the plain substrate 
is shown for reference. Calculated cooling power (based on the measured optical properties) 
as a function of temperature for Chitosan c) and Chitin e), respectively. The calculations 
discriminate between daytime (dashed) and nighttime (full). The intersection at Pcool = 0 is the 
predicted equilibrium temperature with respect to ambient. The figure is adapted from the 
original publication116 and used according to the permission granted under the Creative 
Commons Attribution license (CC BY 4.0). 

For thin films, the individual absorption resonances can be resolved. Based on the observed 

absorptance, the material is expected to show passive cooling behavior between selective and 

broadband emitter cases, as it strongly absorbs within the atmospheric window but also outside 

of it. In contrast, thicker films are mostly opaque to IR radiation and, therefore, a broadband 
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emitter. The spectral data are used to calculate the cooling power as a function of material 

temperature. For both, Chitosan (Figure 3.5c) and Chitin (Figure 3.5e), the equilibrium 

temperature (the relative temperature at Pcool = 0) is negative. Therefore, based on our 

calculations, all presented samples are expected to show below ambient radiative cooling for 

both daytime- and nighttime-case.  

The sample temperatures were recorded in a field test to investigate whether the predictions 

could also be observed in actual measurements. For these kinds of experiments, the 

temperature of the sample is monitored after exposing it to the sky for one to several day and 

night cycles. A picture and schematic cross-section of the used setup is shown in Figure 3.6a. 

The experimental results for chitosan films compared to the ambient temperature and a silver 

mirror reference confirm the passive cooling properties (Figure 3.6b). For both daytime and 

nighttime, the chitosan film temperature Tmat is always colder than the reference sample 

temperature TAg, while the sample with increased thickness shows higher temperature 

reduction (Figure 3.6c). 

 

Figure 3.6: a) Photograph of the rooftop measurement setup and schematic drawing of the 
cross-section across the dashed line. b) Sample temperature measurements for different 
chitosan and reference samples for a day- and night cycle. The background displays the 
magnitude of solar irradiation. c) Temperature difference of Chitosan samples with respect to 
the mirror reference for the measurement period. The absolute humidity is on a constant level, 
as displayed in the background. The figure is adapted from the original publication116 and used 
according to the permission granted under the Creative Commons Attribution license (CC BY 
4.0). 
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With our experiments, we could confirm that passive radiative daytime cooling below ambient 

temperature is possible with chitosan. Based on the absorptance measurements, chitin is 

expected to show similar cooling performance. However, experimental confirmation was not 

achieved because the contact between film and substrate could not be ensured in a 

comparable and reproducible way. 

Within the field of passive radiative cooling, many new materials have been proposed and 

investigated over the last decade. With the addition of Chitosan and Chitin as candidate 

materials, the pool of available materials was extended in this work. At the same time, new 

characterization techniques were developed to evaluate the cooling materials. Chapters 8 and 

9 revolve around contributions that advance the methodology of characterizing radiative heat 

transfer properties. In Chapter 8, a tailor-made setup is presented that aims to mimic different 

aspects of rooftop tests for passive cooling materials. This setup aimed to enable material 

testing with high reproducibility to become independent from outside weather conditions. The 

measured performance data can then be compared among various materials and structures, 

providing the first step to quantitatively evaluate the results among the various research groups 

worldwide. 

The setup is schematically presented in Figure 3.7a and consists of a hemispherical aluminum 

dome that is intended to act as a heat sink and mimic outer space. For this purpose, it is cooled 

with liquid nitrogen, and the inside is covered with carbon black to absorb thermal radiation. 

The sample is presented in a sample holder with a temperature sensor and a copper plate for 

temperature distribution (Figure 3.7b), a similar design to typical field test setups. The sample 

holder and the dome area are separated by a convection shield that consists of several thin 

layers of PE foil to reduce convective temperature exchange. A flow of warm air is induced 

between the sample and the dome opening, which can also be used to set the sample 

temperature. To emulate the sun, a solar simulator is used that can illuminate the sample from 

the top of the dome. To the outside, expanded polystyrene (XPS) insulation is applied to reduce 

liquid nitrogen evaporation and, in combination with the air stream, prevent the sample area 

from cooling down. 
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Figure 3.7: Schematic illustration of the artificial measurement setup (a) and a detailed view of 
the measurement cell and convection shield (b). Temperature measurements for different 
reference samples in outdoor conditions (c) and measured with the indoor setup (d). The figure 
is adapted from the original publication117 and used according to the permission granted under 
the Creative Commons Attribution license (CC BY 4.0). 

The setup was verified with a series of samples with different emission properties. A silver 

mirror with high reflection from UV-Vis to mid-IR was used as a sample with low solar 

absorption and low thermal emission. A graphite coating was examined to represent a sample 

with high solar absorption and thermal emission properties. Finally, a PDMS layer on a silver 

mirror was chosen as a material with high reflectance for solar wavelengths and good emission 

properties in the mid-IR. In outdoor conditions (Figure 3.7c), the graphite coating and the 

PDMS layer cooled below ambient and the silver mirror during nighttime. In contrast, the 

graphite coating heated substantially above the references during the daytime, while the 

PDMS sample temperature stayed below ambient. 

For indoor measurements, the definition and measurement of ambient temperature are 

challenging because significant temperature variations can be expected within the sample 

holder. Therefore, the temperature measured with the silver mirror was used as a reference to 

compare the performance between the samples. In the dark case, both samples cooled below 

the mirror temperature, indicating increased radiative heat transfer from the samples to the 

heat sink. For the case with solar simulator illumination, only the PDMS sample reaches lower 

temperatures than the mirror. 
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The most challenging aspect of an indoor setup for characterizing passive cooling materials is 

to emulate the transparency of the atmosphere. For the presented case, a selective emitter 

will always perform inferior to a broadband emitter because all the emitted radiation will reach 

the heat sink without wavelength discrimination. Including a material within the dome is no 

possible solution because of the contact with the heat sink the temperature will be lower than 

typical atmospheric temperatures. To overcome this obstacle and to enable also 

characterization of the spectral selectivity, a MIR filter is introduced between the sample holder 

and the convection shield of the dome (Figure 3.8a). This filter consists of a thin layer of PDMS 

and a PE foil for support. The thin layer of PDMS absorbs strongly in wavelength regions where 

the atmosphere is mostly transparent (Figure 3.8b). The idea of the filter is that if a selective 

emitter is investigated as a sample, the filter will block its emitted radiation, and the sample will 

not reach as low temperatures as it could without the filter. In contrast, a non-selective sample 

will not be influenced by the filter as strongly.  

The samples' cooling power was determined to elucidate the selectivity of different layer 

thicknesses that lead to a transition from a selective to a broadband emitter. In this experiment, 

the sample holder was equipped with a feedback-controlled heater system that was set to keep 

the sample temperature constant. The power used to drive the heater directly correlates to the 

passive cooling power of the sample. The optical similarity of the sample to the (selective) filter 

is correlated by comparing the cooling power with and without the filter. For a selective emitter, 

the relative loss in cooling power should be highest compared to the spectrally non-selective 

measurement without the filter. This hypothesis is tested with a set of PDMS films with different 

thicknesses. As outlined in Chapter 6, the PDMS films transition from a more selective emitter 

to a more broadband emitter with increasing layer thickness. The results, highlighted in Figure 

3.8c, show that the measured cooling power with the filter is always reduced for all film 

thicknesses. However, the relative decrease in cooling power is lowest for the thickest sample. 

The developed PE/PDMS filter, therefore, introduces sample discrimination based on selective 

emission in the sky window range, where the cooling performance of selectively emitting 

samples is strongly attenuated. 
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Figure 3.8: Schematic illustration of the sample holder and convection shield with included MIR 
filter. b) absorption spectrum of MIR filter with mainly selective absorption within the 
atmospheric window. c) cooling power of different samples with and without MIR filter. d) 
calculated cooling power loss for the presented samples. Thicker samples (broadband emitter) 
lose less cooling power with the inclusion of a filter (less selectivity). The figure is adapted from 
the original publication117 and used according to the permission granted under the Creative 
Commons Attribution license (CC BY 4.0). 

With the presented setup, the performance of passive cooling materials can be reproducibly 

characterized independent of environmental conditions. The setup enables the direct 

comparison of materials independent of location and time. The most important features are the 

liquid nitrogen-cooled aluminum dome acting as the heat sink and a solar simulator simulating 

sun illumination. With a MIR filter, even the partial transparency of the atmosphere is 

considered, and the emission selectivity of different samples can be characterized. 

With the hemispherical dome geometry, further questions of radiative heat transfer can be 

assessed. Chapter 9 introduces a novel dual-sided nonwoven textile, which offers a unique 

combination of personal thermal management strategies. The nonwoven was fabricated by 

Qiang Gao and consists of polyimide (PI) fibers on one side and silver nanowires (AgNW) on 

the other. This architecture aims to affect the heat dissipation from the human body to the 

surroundings when worn as apparel. The optical properties of the two sides are key to 

identifying which nonwoven side should be worn to the outside to minimize radiative heat loss. 

For this question, the optical properties in the mid-IR region are most relevant because the 

radiative heat transfer mainly occurs in this wavelength range at ambient temperatures.  
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Comparing the optical properties of the two sides of the nonwoven (Figure 3.9a), one notices 

that the reflectance and absorptance are different. While the PI side has a low average overall 

reflectance of ~18%, the silver side reflects ~80% of the incoming radiation in the mid-IR. In 

contrast, the PI side absorbs and therefore emits radiation very well compared to the reduced 

absorptance found for the silver side. Consequently, if the silver side is facing the surroundings, 

less thermal emission is expected, and the radiative heat loss of the body is reduced. In 

contrast, the high absorptance of the PI side indicates major heat loss to the surroundings 

when worn outside. When comparing the optical properties of the dual-sided nonwoven with a 

plain PI nonwoven, the main difference is found in the transmission capabilities (Figure 3.9c). 

The dual-sided nonwoven is mostly opaque, while substantial transmission of infrared radiation 

is apparent for the plain nonwoven. This transmittance will lead to a direct heat loss to the 

surrounding that is not affected by the nonwoven. 

 

Figure 3.9: Reflectance, absorptance, and transmittance of different sides of the dual-sided 
nonwoven compared to a pure PI nonwoven. d) schematic illustration of the radiative energy 
transfer problem for the different scenarios when worn. The figure is adapted from the original 
publication118 and used according to the permission granted under the Creative Commons 
Attribution license (CC BY 4.0). 

When applied as apparel, the energy transfer situation becomes more complex because the 

radiative energy transfer between the body and nonwoven must also be considered. The 

radiative energy transfer contributions are schematically summarized in Figure 3.9d. The plain 

nonwoven will have high emission towards the outside and low reflectance towards the body, 
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representing the highest expected radiative energy loss. For the case of the dual side 

nonwoven, the assessment is less clear. While the PI side has high emission to the outside, it 

will also absorb emitted radiation when facing the body. The AgNW side has low emission to 

the outside but will show substantial back reflectance when facing the body.  

We constructed an energy transfer experiment to elucidate which side has the lowest energy 

transfer to the surrounding. The setup is schematically outlined in Figure 3.10a and consists 

of a heater for energy input below a copper plate to distribute the temperature evenly. The 

copper plate was coated with graphite to ensure high emission from the surface of the sample 

area. The excess surface area was coated with a low emissivity coating to reduce radiative 

energy transfer from areas without sample. A graphite-coated aluminum dome at ambient 

temperature acts as a heat sink and represents the surrounding temperature. The heater is 

set to hold a constant temperature of 37 °C to simulate the human body. In this situation, the 

power input to the heater directly correlates to the energy transferred from the high emissivity 

sample area to the heat sink. 

 

Figure 3.10: Schematic drawing of the radiative energy transfer experiment. The feedback-
controlled heater system below the sample is held at body temperature, while the aluminum 
dome is at ambient temperature. b) sample temperature and heating power during the 
equilibration time. After 50 min (3000 s), an equilibrium state is reached. c) equilibrium power 
input as a function of dome temperature for the different PI configurations and the pure graphite 
coating as reference. Higher ambient temperature reduces the heating power loss to the dome. 
d) Illustration of the relevant heat dissipation pathways during the experiment, including 
conductive and convective pathways. The figure is adapted from the original publication118 and 
used according to the permission granted under the Creative Commons Attribution license (CC 
BY 4.0). 
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If a sample is presented, the heater feedback system needs a certain equilibration time (Figure 

3.10b). After steady-state conditions are reached, the power for isothermal conditions can be 

determined. The power values for the different sample types and configurations are displayed 

as a function of ambient temperature in Figure 3.10c. Higher ambient temperatures will reduce 

the radiative energy transfer to the heat sink and, thus, must be considered when comparing 

the different samples. The experiment reveals that the radiative energy loss is only reduced if 

the AgNW side faces the outside. In comparison, the pure PI and the PI side facing the outside 

perform similarly to the high emissivity coating. This indicates that the radiative heat loss 

cannot be prevented with these materials facing the outside. 

The full picture of the energy transfer from the human body to textile material and the 

surrounding also needs to include a non-radiative heat transfer mechanism (Figure 3.10d). 

Direct contact between the fabric and the skin will enable heat transfer through conduction. A 

gas phase will also enable convective transport, especially from the fabric surface to the 

surrounding. For all three cases, the non-radiative contributions will be very similar. Therefore, 

we conclude that the configuration with the AgNW facing the surrounding will be superior in 

preventing heat loss due to the reduced emission.  

Our extensive study reveals that for applications involving radiative heat transfer, like clothing, 

the radiative pathway is only one mechanism for thermal comfort. A full description of the heat 

transfer problem is very complex, but with the presented measurement geometry, the question 

of which side of the nonwoven should face the outside could be answered. 

While each of the contributions in this thesis discusses a different aspect of radiative heat 

management, they expand the state-of-the-art in the respective field. New materials were 

introduced, like the gradient colloidal glass. Calculations and simple experiments were used 

to consider the material thickness, a parameter formerly neglected for the optimization of 

passive cooling systems. The application of the existing bio-materials chitosan and chitin for 

passive radiative cooling expanded the toolbox of available materials within the field. The 

design of a tailor-made setup for indoor testing, including a selective filter to include 

atmospheric selectivity, is the next step toward a standardized, reproducible, and comparable 

characterization of passive cooling materials. Finally, the investigation of the different heat 

transport mechanisms in a Janus-like nonwoven answered the question of which side prevents 

radiative heat loss when worn. 
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3.2 Individual Contributions to Joint Publications 

The results of this thesis are a combination of five scientific publications. These publications 

were prepared in collaboration with other researchers and colleagues. The individual 

contributions to the respective publications are specified in the following section. The 

corresponding authors are marked with asterisks. 

 

Chapter 5: A Continuous Gradient Colloidal Glass 

Marius Schöttle, Tobias Lauster, Lukas J. Roemling, Nicolas Vogel, and Markus Retsch* 

This work was published in Advanced Materials, 2022, 2208745. 

I conducted the diffuse reflectance measurements, was involved in the discussion of the optical 

measurements, and edited the manuscript. Marius Schöttle led the conceptualization, 

investigation, formal analysis, and data curation. This included the development of a new type 

of synthesis procedure as well as the self-assembly processes. He conducted optical and 

electron microscopy, local spectroscopy, and structural characterization. He wrote all scripts 

for data analysis and the 2D simulations, visualized the data, and wrote the original manuscript. 

Lukas J. Roemling assisted with the local spectroscopy along the gradient. Nicolas Vogel and 

Markus Retsch supervised the project, reviewed, and edited the manuscript. 

 

Chapter 6: Homogeneous Polymer Films for Passive Daytime Cooling: Optimized Thickness for 

Maximized Cooling Performance 

Kai Herrmann‡, Tobias Lauster‡, Qimeng Song*, and Markus Retsch* 

‡ These authors contributed equally. 

This work was published in Advanced Energy and Sustainability Research, 2022, 3, 2100166. 

Kai Herrmann and I identified the lack of treatment of the sample thickness for passive daytime 

cooling. I prepared the samples and performed the optical characterization. Kai Herrmann and 

I wrote the manuscript. Kai Herrmann established a theoretical framework to depict the 

influence of sample thickness on cooling performance. Kai Herrmann performed the 

simulations based on this theoretical framework. Qimeng Song developed the outdoor setup 

for measuring the cooling performance, performed the cooling performance measurements, 

and was involved in scientific discussions. Markus Retsch supervised the project and corrected 

the manuscript. 
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Chapter 7: From Chitosan to Chitin: Bioinspired Thin Films for Passive Daytime Radiative Cooling 

Compact Chitosan 

Tobias Lauster, Anika Mauel, Kai Herrmann, Viktoria Veitengruber, Qimeng Song, Jürgen 

Senker, and Markus Retsch* 

This work was published in Advanced Science, 2023, 2206616. 

I conceptualized the storyline, developed the sample preparation, and performed water contact 

angle and resistance experiments. I measured the UV-Vis and IR spectra and wrote major 

parts of the manuscript. Anika Mauel performed the NMR experiments, evaluated the data, 

and contributed to the discussion and the manuscript. Kai Herrmann calculated the cooling 

performance from spectroscopic data, supported the general data evaluation, and was 

involved in the discussion. Viktoria Veitengruber assisted in sample preparation, water 

resistance tests, and NMR experiments. Qimeng Song developed the outdoor setup for the 

temperature measurements, performed the temperature measurements, and was involved in 

the discussion of the results. Jürgen Senker contributed to the discussion and corrected the 

manuscript. Markus Retsch supervised the project, contributed to the discussion, and 

corrected the manuscript. All authors contributed to the original draft writing. 

 

Chapter 8: A Tailored Indoor Setup for Reproducible Passive Daytime Cooling Characterization 

Qimeng Song, Thomas Tran, Kai Herrmann, Tobias Lauster, Maximilian Breitenbach, and 

Markus Retsch* 

This work was published in Cell Reports Physical Science, 2022, 3, 100986. 

Qimeng Song and Thomas Tran led the conceptualization and investigation. Thomas Tran 

designed the measurement apparatus, established the communication between hardware 

components, analyzed the data, and visualized the data. Qimeng Song used the setup to 

characterize the steady-state temperatures and cooling powers. Kai Herrmann contributed 

formal analysis and validation. I contributed validation and resources, particularly in the form 

of reference samples and PDMS-coated specimens, as well as spectral analysis. I was also 

involved in the planning and improvement of the setup and the development of a spectral filter. 

Maximilian Breitenbach was involved in the investigation. Markus Retsch led supervision, 

project administration, and funding acquisition. All authors contributed to the original draft 

writing. 
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Chapter 9: Breathable and Flexible Dual-Sided Nonwovens with Adjustable Infrared Optical 

Performances for Smart Textile 

Qiang Gao, Tobias Lauster, Bernd A. F. Kopera, Markus Retsch*, Seema Agarwal*, and 

Andreas Greiner* 

This work was published in Advanced Functional Materials, 2022, 32, 2108808. 

Qiang Gao conducted synthesis and characterization of the nonwovens, including preparing 

the dual-sided nonwovens, characterizations of pore size, air permeability, mechanical 

property, most of the electrical properties, and thermal properties, and discussed results. 

Qiang Gao also wrote the first draft of the manuscript. I measured and discussed emittance, 

transmittance, reflectance, effusivity, and passive radiation. Bernd A. F. Kopera conducted 

some of the characterizations of AgNW’s thermal stability and IR reflection properties. Prof. 

Markus Retsch proposed and discussed experiments on radiative transport and thermography 

and revised the manuscript. Prof. Seema Agarwal gave suggestions on conducting 

experiments and characterizations of the dual-sided nonwovens and revised the manuscript. 

Prof. Andreas Greiner proposed and discussed the experiment scheme with Qiang Gao and 

revised the manuscript. 
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5. A Continuous Gradient Colloidal Glass 

 

 

 

 

 

A controlled extraction emulsion process (CrEEP) allows the synthesis of monodisperse latex 

particles with a continuous size gradient. Subsequent self-assembly into a photonic glass 

results in a thin film with a continuous photonic gradient and structural colors ranging over the 

full visible spectrum. This concept is shown to improve the broadband reflectance of such a 

mesostructure compared to a non-gradient mixture. 
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6. Homogeneous Polymer Films for Passive Daytime 

Cooling: Optimized Thickness for Maximized Cooling 

 

 

 

 

Materials that spontaneously cool below ambient temperature are of great interest to fight 

global warming. Increased film thicknesses typically improve thermal radiation, but 

simultaneously increase uptake of solar radiance. A general approach is presented to balance 

these two contributions and to determine the optimum thickness for passive daytime cooling 

films. 
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7. From Chitosan to Chitin: Bio-Inspired Thin Films for 

Passive Daytime Radiative Cooling …… 

 

 

 

 

The potential of chitosan and chitin for the application as passive radiative cooling materials is 

investigated. A solid-state reaction is used to convert chitosan to its insoluble form chitin. 

Based on extensive optical characterization, both biopolymers are capable of below ambient 

temperature passive cooling. 
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8. A tailored indoor setup for reproducible passive 

daytime cooling characterization 

 

 

 

 

Standardized test methods are urgently required to characterize the performance of passive 

daytime cooling materials in a reliable and reproducible way worldwide. Song et al. introduce 

a robust test setup that unites cool space, solar radiance and ambient environmental 

conditions in a compact indoor test setup with superior characterization performance. 
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9. Breathable and Flexible Dual-Sided Nonwovens with 

Adjustable Infrared Optical Performance for Smart 

Textile 

 

 

 

 

A breathable and flexible dual-sided nonwoven composed of polyimide nanofiber and silver 

nanowires possesses good electrical conductivity and high infrared reflection performance. A 

personal thermal management device is constructed of two layers of dual-sided nonwoven 

containing different amounts of silver nanowires, demonstrating prominent human body 

warming performance by combining active Joule heating and passive warming via reduced 

radiative losses. 
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