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Resum 

La concepció d'un món millor per a les generacions futures passa pel compromís de 

mitigar o revertir el canvi climàtic. L'origen del canvi climàtic és ben conegut: l'emissió 

de gasos d'efecte hivernacle relacionats amb l'ésser humà, bàsicament per la dependència 

dels combustibles fòssils. És necessari canviar aquest paradigma; és per això que les 

energies renovables juguen un paper fonamental: ajuden a reduir la dependència 

energètica dels combustibles fòssils, augmenten la diversificació energètica i són 

tecnologies de producció d'energia in situ. 

La present tesi doctoral té com a objectiu contribuir al desenvolupament d'una innovadora 

tecnologia d'energia renovable per a la producció de calor i fred. La tesi doctoral s’ocupa 

inicialment de l'estudi i revisió bibliogràfica de la tecnologia anomenada Radiative 

Cooling, o Refredament Radiatiu, una tecnologia renovable per a la producció de fred 

mitjançant l'aprofitament del fred disponible a l'espai exterior. Aquesta tecnologia va ser 

objecte d'investigació en el passat i, gràcies a desenvolupaments recents, està recuperant 

interès entre les altres tecnologies renovables per a la producció de fred. 

Els descobriments de l'estudi inicial condueixen la tesi doctoral a enfocar-se en una 

innovadora combinació de Refredament Radiatiu amb Captació Solar Tèrmica, una 

tecnologia consolidada, amb fins de rendibilitat i operacionals. Aquesta combinació de 

tecnologies renovables en un dispositiu físic s’anomenarà Col·lector i Emissor Radiatiu 

(RCE, sigles en anglès de Radiative Collector and Emitter), basant-se en la importància 

de la radiació electromagnètica en el balanç de calor en aquesta tecnologia/dispositiu. 

Després de detectar les condicions climàtiques desitjades per a facilitar l'àmplia 

implementació de RCE en edificis, la tesi doctoral segueix amb el disseny, 

desenvolupament i caracterització d'un dispositiu RCE mitjançant modelatge numèric i 

proves experimentals. Els resultats demostren la capacitat i idoneïtat de RCE per 

escalfament i refredament, i presenten els paràmetres més influents de les aplicacions 

RCE.  
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Resumen 

La concepción de un mundo mejor para las generaciones futuras pasa por el compromiso 

de mitigar o revertir el cambio climático. El origen del cambio climático es bien conocido: 

la emisión de gases de efecto invernadero relacionados con el ser humano, básicamente 

por la dependencia de los combustibles fósiles. Es necesario cambiar este paradigma; es 

por eso que las energías renovables juegan un papel fundamental: ayudan a reducir la 

dependencia energética de los combustibles fósiles, aumentan la diversificación 

energética y son tecnologías de producción de energía in situ. 

La presente tesis doctoral tiene como objetivo contribuir al desarrollo de una innovadora 

tecnología de energía renovable para la producción de calor y frío. La tesis doctoral se 

ocupa inicialmente del estudio y revisión bibliográfica de la tecnología llamada Radiative 

Cooling, o Enfriamiento Radiativo, una tecnología renovable para la producción de frío 

mediante el aprovechamiento del frío disponible en el espacio exterior. Esta tecnología 

fue objeto de investigación en el pasado y, gracias a desarrollos recientes, vuelve a ganar 

interés entre las demás tecnologías renovables para la producción de frío. 

Los descubrimientos del estudio inicial conducen la tesis doctoral a enfocarse en una 

innovadora combinación de Enfriamiento Radiativo con Captación Solar Térmica, una 

tecnología consolidada, con fines de rentabilidad y operacionales. Esta combinación de 

tecnologías renovables en un dispositivo físico se mencionará Colector y Emisor 

Radiativo (RCE, siglas en ingles de Radiative Collector and Emitter), basándose en la 

importancia de la radiación electromagnética en el balance de calor en esta 

tecnología/dispositivo. 

Después de detectar las condiciones climáticas deseadas para facilitar la amplia 

implementación de RCE en edificios, la tesis doctoral sigue con el diseño, desarrollo y 

caracterización de un dispositivo RCE mediante modelado numérico y pruebas 

experimentales. Los resultados demuestran la capacidad y la idoneidad de RCE para 

calentamiento y enfriamiento, y presentan los parámetros más influyentes de las 

aplicaciones RCE.  
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Summary 

The conception of a better world for future generations passes through the commitment 

to mitigate or reverse climate change. The origin of climate change is well-known: the 

human-related emission of greenhouse gases, basically from fossil fuel burning 

dependency. There is a need to change this paradigm; therefore, renewable energies play 

an essential role: they help reduce energy dependency on fossils fuels, increase energy 

diversification and are on-site energy production technologies. 

The present PhD thesis aims to contribute to the development of a novel renewable energy 

technology for heat and cold production. The PhD thesis initially deals with the study and 

review of Radiative Cooling technology, a renewable technology for cold production by 

harvesting the coldness of the outer space. This technology was investigated in the past 

and, thanks to recent developments, it is regaining interest among the renewable 

technologies for cold production. 

The findings from the initial study lead the present PhD thesis to focus on a novel 

combination of Radiative Cooling with Solar Thermal Collection, a well-established 

technology, for profitability and operational purposes. This combination of renewable 

technologies in a physical device is onwards named Radiative Collector and Emitter 

(RCE), based on the importance of electromagnetic radiation in the heat balance in this 

technology/device. 

After the spotting of the desired climatic conditions to ease the broadwise implementation 

of RCE in buildings, the PhD thesis follows to the design, development and 

characterisation of an RCE device by numerical modelling and experimental testing. The 

results demonstrate RCE ability and suitability for heating and cooling, and present the 

most influencing parameters of RCE applications. 
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Chapter 1. Introduction 

 

1.1. Background 

Climate change is a reality that humanity must face in the coming decades. The effects of 

climate change are becoming more evident, dangerous and destructive [1]. There is 

scientific consensus in what are the causes of climate change: the emission of greenhouse 

gases from human activities such as fossil fuels consumption and farming livestock, and 

the destruction of the rainforest [2]. The leading cause is fossil fuel consumption which 

is a consequence of an increase of global energy consumption by more than 58% during 

the last three decades [3]. 

To mitigate or reverse climate change effects, international institutions are setting long-

term global goals [4,5]. One of these ambitious goals is a set of policy initiatives by the 

European Commission named the European Green Deal aiming to make the European 

Union climate neutral (greenhouse gases emissions neutral), as well as setting economic 

(decoupling economic growth from resource consumption) and social (not excluding any 

person nor place) objectives by 2050 [5]. Some of the actions stated in the plan are: to 

decarbonise the energy sector, to ensure more efficient buildings, and to invest in 

environmental-friendly technologies. 

 

1.2. Energy consumption in buildings 

Buildings are critical to a sustainable future because their design, construction, operation, 

and use are significant contributors to energy-related sustainability challenges. The direct 

energy consumption in buildings is responsible for approximately 32% of global final 

energy consumption, around 2.900 Mtoe (34 PWh) [3] (see Figure 1). Buildings also 

represent nearly 40% of total global direct (10%) and indirect (30%) energy-related CO₂ 

emissions, and almost 50% of global electricity final consumption. Global building-

related CO₂ emissions have continued to rise by nearly 1% per year since 2010 [3,6]. 
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Figure 1 – Final energy consumption by sector, World 1990-2018 [3] 

The energy consumed in buildings is related to various services: space heating, domestic 

hot water (DHW), space cooling, lighting, cooking, household appliances and others (see 

Figure 2). This energy consumption has increased by more than 20% between 2000 and 

2018, approximately 1.2% yearly average growth rate. 

 

Figure 2 - Buildings sector energy use by service, World 2017 [7] 

Space heating is the largest energy end-use in the building sector, representing almost 

39% of it. The introduction, enforcement, and revision of building energy codes, along 

with policies to improve equipment performance, have helped keep energy use for space 

heating relatively constant since 2000 while increasing thermal comfort in buildings. 

However, low-efficient heating technologies, including coal, oil, and natural gas boilers 

as well as electric resistance heating technologies, still dominate heat production in most 

buildings [7].  
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Domestic hot water represents 20% of energy end-use in the building sector, being its 

production dominated by fossil fuel and low-efficiency electrical technologies. Sales of 

solar thermal technologies and energy-efficient heat pump water heaters have 

progressively been taken up since 2010. Still, they were not enough to offset the rapidly 

rising energy service demand [7]. 

Space cooling accounts for 6% of energy end-use in the building sector; however, it is by 

far the fastest-growing energy end-use worldwide [7]. Energy demand for space cooling 

has more than tripled since 1990, responsible for nearly 8.5% of the total final electricity 

consumption in 2019. Rising demand for space cooling is already putting enormous strain 

on electricity distribution systems in many countries, as well as driving up CO₂ emissions. 

Rising living standards, population growth, and more frequent and extreme heatwaves 

are expected to stimulate an unprecedented cooling demand in the next decade [8]. 

Other energy end-use services are cooking, which accounts for almost as much energy as 

DHW (19.6%), and electricity consumption services such as lighting (8.8%) and 

household appliances (6.3%), with an average growth rate of 2.2%, almost doubling the 

energy consumption rate of the building sector (1.2%) [3,7]. 

Among these services, the higher energy consumptions are space heating and cooling, 

and DHW generation. For that reason, there is a general interest to reverse this energy 

consumption trend by deploying integral solutions. 

For space heating and space cooling, active and passive strategies can be applied to reduce 

energy consumption. However, energy consumption cannot be reduced to zero if thermal 

comfort conditions are to be preserved [9]. Similarly occurs for domestic hot water; 

energy demand cannot be reduced to zero. It is at this point when renewable sources 

should emerge to cover these energy needs. 

When talking about space heating and DHW, solar thermal collection is a well-known 

technology to meet these heating demands [10]. However, for cooling, there is still no 

simple renewable alternative with such potential and development. Sustainable 

approaches to achieve cooling involve environmental heat sinks. These environmental 

heat sinks include (i) ambient air, heat transfer by convection and evaporation; (ii) ground 

(or large masses), heat transfer by conduction or convection; and (iii) sky, heat transfer 

by thermal radiation [11]. 
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Ambient air (or atmosphere) is the primary means to reject heat. In general, this heat 

rejection is by convection, but it is also possible by evaporation as latent heat rejection. 

Heat rejected by convection of a body to the ambient air is the most cost-effective cooling 

solution whenever temperature difference allows it. Evaporation is also an excellent 

solution when the ambient air is dry enough, and water is not a scarce resource. Current 

active applications of this natural heat sink are cooling towers and evaporative cooling 

towers [11]. 

The ground has a very stable temperature and is increasingly becoming an option as a 

heat sink. The temperature is not only constant during the day, but annually very stable 

depending on the depth. The heat is transferred by conduction to the ground, thus 

requiring large exchange surfaces. Other large masses, such as rivers, lakes or seas, are 

also very temperature stable. In this case, convection favours the heat exchange. Ground 

source and water source heat pumps are examples of active applications of this natural 

heat sink [11]. 

Finally, the sky (or outer space) is the least studied and exploited heat sink. The heat 

rejection is based on the fact that every object above 0K emits electromagnetic radiation 

and, according to outer space low effective temperature (~3K [12]), it has the highest 

potential among the heat sinks. Radiative cooling devices take advantage of this low 

temperature to achieve below ambient air temperature [11] with minor energy 

consumption, in active systems, proven as one of the cooling strategies that can displace 

the use of heat pumps [13]. However, its difficult accessibility (physical limitation based 

on Stefan–Boltzmann law, the need for favourable climatological conditions, material 

choice, energy management), results in limited applicability. 

 

1.3. Solar thermal energy 

One of the most studied renewable energies is solar energy. The Sun is also the origin of 

other renewable energies (wind, hydro, biomass, tidal). Two main groups of energies are 

harnessed from the Sun: thermal energy, using solar thermal collection, and electrical 

energy, using photovoltaic. 
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One key topic of this PhD thesis is Solar Thermal Energy (STE) or solar thermal 

collection. STE is the energy and a technology for harvesting incoming solar energy to 

generate thermal energy for residential, commercial and industrial sectors.  

Solar energy has enormous potential; Earth receives 174 PW of incoming solar radiation 

at the upper side of its atmosphere, where part of this energy is absorbed or reflected by 

clouds and atmosphere, arriving 96 PW at the Earth’s surface (840.960 PWh/year) [14] 

whereas around the world is consumed 116 PWh of primary energy per year [3]. This 

number is an average, and the reality is that harvestable solar energy differs a lot from 

site to site, because of different factors such as geography and climatology, limiting the 

amount of available solar energy (3). 

 

Figure 3 – Global Horizontal Irradiation (GHI) map (up). Direct Normal Irradiation (DNI) map (down) 

[15] 

Solar technologies are classified as passive or active, depending on how they capture or 

convert the sunlight and distribute this energy. Active solar technologies convert sunlight 
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into a useful energy source. Passive solar techniques are the selection of materials with 

favourable thermal properties for a specific application and the design of buildings or any 

element taking into account the Sun. 

STE active technologies can be used for different applications and can be classified 

according to their operating temperature: 

- Low-temperature (< 50°C) collectors. Generally, unglazed collectors, or similar, 

using air or water as heat transfer fluid. Applications: heat swimming pools, space 

heating. 

- Medium-temperature (50-200°C) collectors. Usually flat-plate collectors (FPC) 

and evacuated tube collectors, for DHW, space heating for residential and 

commercial buildings, and industrial processes (solar absorption heat pumps). 

- High-temperature (> 200°C) collectors. These technologies concentrate sunlight 

to achieve high temperatures, using mirrors (linear Fresnel reflectors (LFR), 

compound parabolic collectors (CPC), parabolic trough collectors (PTC), 

parabolic dish reflectors (PDR), heliostat field collectors (HFC)) or lenses. This 

high temperature is used for hot water or steam generation in industries and 

electric power production. 

STE technologies have the potential to cover the heating and cooling demand in the 

residential sector and contribute significantly to meet the heating and cooling demand of 

the commercial and industrial sector. Active STE technologies for heat supply can reduce 

the fuel demand for domestic hot water from 50%-70% and 40-60% for space heating. 

The potential for STE technologies will dramatically increase when suitable devices to 

store thermal heat for the mid-long term (seasonal storage) are available [16]. 

 

1.4. Radiative cooling concept 

In general, radiative cooling is the thermal process by which a body losses heat by 

emitting electromagnetic radiation to the environment. When a body surface presents a 

net cooling balance between the emitted and the absorbed radiation (in case of inexistent 

or negligible heat gains by thermal conduction and convection from surroundings), it 

results in a surface temperature decrease, namely radiative cooling. 
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The principles of radiative cooling play an essential role in the Earth’s energy budget. 

The Earth’s energy budget refers to the net balance between the energy the Earth receives 

from outside, basically from the Sun, and the energy the Earth radiates back into outer 

space (Figure 4). 

 

Figure 4 - Earth’s energy budget [14] 

Three natural heat sinks are part of this process: the outer space, the atmosphere and the 

Earth. However, when mentioning the term “radiative cooling” in scientific literature, it 

mainly refers to use the outer space/sky as a heat sink. This natural process is the 

foundation of radiative cooling applicability. 

Referring to any surface located on Earth’s surface facing the sky, the effective outgoing 

infrared radiation is the difference between the infrared radiation emitted by this surface 

and the infrared radiation coming from the atmosphere absorbed by this surface. The 

radiation emitted by the Earth’s atmosphere is similar to blackbody radiation but with a 

“gap” between wavelengths 7–14μm, known as “infrared atmospheric window” [17]. The 

thermal radiation emitted between these wavelengths going to sky passes mostly directly 

to outer space, and no counter radiation is received. This singularity results in an effective 

outgoing infrared radiation that allows the achievement of temperatures below ambient. 
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Radiative cooling holds great promise as the next generation cooling technology thanks 

to its operation with little energy consumption and the non-emission of environmental 

pollution. 

 

1.5. Radiative cooling technology 

1.5.1. Radiative cooling technology background 

Since ancient times, long before the understanding of this natural phenomenon, night 

radiative cooling had been used by humanity to keep buildings cool, for ice production, 

and for fog dew water harvesting. Under clear sky nights, with low wind, some realised 

that surfaces get colder than ambient temperature. This observation was the foundation 

for future research.  

Before applying this natural phenomenon to any specific application, it must be 

understood and technically studied. The net cooling power of a radiative cooling surface 

is defined based on the heat transfer balance that considers all the heat exchange processes 

involved with this surface (Figure 5). 

 

Figure 5 - Heat transfer balance on a radiative cooling surface 

From the radiative balance (Eq. 1), three fluxes are depicted: solar radiation (Psolar), 

incoming radiation from the atmosphere (Patm) and outgoing radiation emitted by the 

surface (Prad). Among these three fluxes, atmospheric radiation is the lesser-studied and, 

probably, as necessary to be understood as the others fluxes. 

Eq. 1 Pnet
rad = Prad − αsolar ∙ Psolar − αIR ∙ Patm 
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Where: 

𝛼𝑠𝑜𝑙𝑎𝑟 Radiative cooling surface absorptivity in the solar band [-]. 

𝛼𝐼𝑅 Radiative cooling surface emissivity in the infrared band [-]. 

Atmospheric radiation originates from some gases that compose the atmosphere, also 

known as “greenhouse gases”. The main gases involved in infrared atmospheric radiation 

at ground level are water vapour and carbon dioxide, being water vapour the major 

contributor [18]. 

Also, the presence of clouds increases the incoming infrared atmospheric radiation 

compared to clear sky conditions. Clouds act like a blackbody emitter, supplementing the 

waveband where the atmospheric emission lacks, and its radiative effect is to “close” the 

infrared atmospheric window. 

Some of these factors (water vapour content, humidity and cloudiness) can be related to 

climate, thus pointing out regions with higher radiative cooling availability. 

For engineering purposes, there is an interest in measuring and predicting the atmosphere 

infrared radiation. Although this radiation can be measured with specific equipment 

(Pyrgeometer), the dynamic properties of the Earth atmosphere make it difficult to predict 

its behaviour. Nevertheless, as already stated, incoming infrared radiation can be related 

to climatological parameters and geographical places to predict its value in the future, 

using, for instance, empirical correlations.  

There are two extended methods to express empirical correlations in an understandable 

and straightforward form, using Stefan-Boltzmann law: 

1. To assume the sky acting as a blackbody emitter at an effective sky temperature (Tsky): 

Eq. 2 R↓ = ε ∙ σ · Tsky
4  

 

2. To assume the sky having the ambient dry bulb temperature (Ta) with an effective sky 

emissivity (εsky): 

Eq. 3 𝑅↓ = 𝜀𝑠𝑘𝑦 · 𝜎 · 𝑇𝑎
4 
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Where: 

𝑅↓ incoming infrared atmosphere radiation (Patm in Eq. 1) 

𝜀 blackbody emissivity 

𝜎 Stefan–Boltzmann constant 

𝑇𝑠𝑘𝑦 effective sky temperature 

𝜀𝑠𝑘𝑦 effective sky emissivity 

𝑇𝑎 Ambient temperature 

 

There is extended bibliography of these measurements and correlations, which are 

summarised and analysed as part of this PhD thesis in Chapter 2. 

Once atmospheric radiation becomes tangible, radiative cooling applications can be 

studied, simulated, and evaluated. 

The main purposes of radiative cooling applications are to emit/reject heat to a heat sink 

and achieve low temperatures for specific applications. The best strategy to increase heat 

emission is to increase the temperature of the emitting surface, therefore increasing 

thermal radiation emitted according to Planck’s law. 

The radiative cooling equilibrium temperature is around 5-10°C below ambient. This 

natural equilibrium can be enhanced to achieve lower temperatures using selective 

materials with specific optical properties, to emit in the infrared atmospheric window. 

These optical properties are: to be a perfect emitter in the infrared atmospheric window 

wavelength band (8–13 μm) and a perfect reflector anywhere else. With these properties, 

surface temperatures around 50°C below ambient temperature could be reached [19]. 

Selective materials have been studied, searched, and manufactured since long ago. 

However, for the last three decades, there have been many studies on the development 

and analysis of materials and devices for potential use in nocturnal cooling. Most of the 

studies aim to develop appropriate materials with high emissivity in the infrared 

atmospheric window wavelength range. As part of this PhD thesis, an extensive review 

of radiative cooling materials has been done and is presented in Chapter 2. 

Until recent developments, radiative cooling was only available and harvestable during 

night-time. However, with the development of new selective materials, this barrier was 
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overcome, and nowadays, it is also possible during day-time  [20]. Therefore, radiative 

cooling applications can be classified according to its two operating periods, namely 

night-time and day-time. 

Moreover, depending on how radiative cooling is produced and distributed, it is 

categorised as: 

- Passive radiative cooling: when the radiator is the building surface or object 

envelope which radiates towards the sky or environment to keep it cool or to cool 

it down. 

- Active radiative cooling: when the radiator is a plate or similar which radiates 

towards the sky and gets cool. This coolness is then transferred to a fluid to be 

used in another system. 

Passive radiative cooling is not as attractive as active because the applicability is limited 

to the buildings envelope to reduce cooling loads [21]. On the other hand, active radiative 

cooling has more potential and applicability, being HVAC systems the main end-users of 

the cold produced by radiative cooling devices [22]. 

 

1.5.2. Technology readiness level 

The technology readiness level (TRL) of radiative cooling is little past halfway to reach 

the final user (general research is in steps 5-6 over 9, at the step of technology validated 

and demonstrated in relevant environments with some pioneering research on steps 7-8 

[23,24]). An extensive State-of-the-art review of radiative cooling technology is part of 

this PhD thesis and is presented in Chapter 2. Nevertheless, some insights are presented 

below. 

Much radiative cooling research has focused on the development of prototypes and 

numerical models, as well as on testing of empirical devices. The knowledge of radiative 

cooling technology is high regarding the current TRL because radiative cooling lies on 

general thermal properties, with particular consideration of radiation, and a similar 

conceptualisation to solar thermal collectors. However, no commercial device has 

reached the market due to its low available power density (between 20 and 80 W/m2 [25]). 

Recently, a commercial product for day-time radiative cooling can be found in the market 
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[24], but only for demonstration projects. Technology deployment is still waiting for the 

development of new selective meta-materials, aiming to increase energy production and 

reduce device cost, and the implementation of new strategies to integrate radiative cooling 

with other technologies. 

 

1.5.3. Radiative Cooling and Solar Thermal Collection technology 

combination/integration: Radiative Collector and Emitter 

Radiative cooling is a renewable cooling technique which dissipates heat to outer space. 

As technology, radiative cooling has low power density, compared to other renewable 

technologies such as solar thermal collection or PV, and has encountered challenges on 

day-time operating ability. The low power density could be a problem to achieve 

sufficient energy production to cover manufacturing and operation costs. As already 

mentioned, integrating radiative cooling with other technologies (solar 

photovoltaic/thermal collectors), that do not operate at night, could provide this 

affordability. 

As the main topic of this PhD thesis, it is proposed to integrate radiative cooling with 

solar thermal collection, from now on named Radiative Collector and Emitter (RCE). 

Considering the similitude in the device end-design and the capability to operate in solar 

thermal collection mode during day-time and radiative cooling mode during night-time, 

it becomes a potential technological integration. 

Apart from technological aptitudes, the integration of RCE with the vast majority of 

buildings is possible and of great interest, not only because of the ease of physical 

installation but because the different demanded services of heat and cold by buildings can 

be partially or totally covered with a single system. 
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Chapter 2. Objectives 

 

This PhD thesis aims to develop, analyse, and implement a system to collect solar thermal 

energy and nocturnal radiative cooling in a single device for heat and cold production for 

thermal energy supply. 

The general objective is divided into several specific objectives detailed next: 

I. To review radiative cooling, both principles and technology, from the first 

studies to the state-of-the-art research, to make a helpful document to 

foster and sustain the present PhD thesis and future research. 

II. To review the existing and new materials, and study the radiation 

properties suitable for both technologies separately and together: radiative 

cooling and solar thermal collection. 

III. To analyse the technical feasibility of RCE worldwide implementation by 

comparing its energy production to the energy consumption of different 

building typologies. 

IV. To develop a numerical model of an RCE device to simulate its behaviour 

based on its dimensional parameters and external/climatological 

parameters. 

V. To experimentally test an RCE device with real working conditions to 

evaluate the system’s operation and to validate the numerical model with 

data. 

VI. To study and optimise an RCE device using the numerical model to 

determine the most influencing parameters and extract relevant 

conclusions of the system. 
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Chapter 3. Methodology and PhD thesis 

structure 

 

The present PhD thesis bases its structure on four scientific papers, which have already 

been published in Journal Citation Reports journals. The PhD thesis structure is the 

framework that guides the reader through it and intends to follow the natural process of 

discovering new technology. Figure 6 presents the PhD thesis structure: 

 

Figure 6 - PhD thesis structure 

 Chapter 1 introduces the reader to the PhD thesis topic, from global sustainability 

problems to specific renewable energy-savings technology. 

 Chapter 2 presents the objectives defined for this PhD thesis going from general 

to more detailed and specific objectives. 

 Chapter 3 presents the methodology and the structure followed in the present PhD 

thesis. 
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The four scientific papers are an essential part of the thesis, and the methodology of each 

is described inside it. The following chapters introduce, present, and acknowledge the 

contributions of these four papers. 

 Chapter 4 presents a complete literature review of radiative cooling. It reviews 

radiative cooling technology from the oldest available to state-of-the-art research. 

Part of this task is in the following review paper, which is included in this chapter: 

- S. Vall and A. Castell, “Radiative cooling as low-grade energy source: A 

literature review,” Renewable and Sustainable Energy Reviews, vol. 77, 

pp. 803–820, 2017. DOI:10.1016/j.rser.2017.04.010. 

This review paper introduces the reader to the topic by presenting radiative 

cooling basics, then poses particular attention to selective radiative cooling 

materials and strategies, theoretical and numerical radiative cooling modelling 

research and finally experimental radiative cooling research.  

Chapter 4 also includes a summary of newly disclosed research from continuous 

literature surveillance since the review paper publication to complement this 

chapter. The reviewed literature focused on day-time radiative cooling, and 

radiative cooling technology combined with other renewable technologies. 

 

 Chapter 5 presents the potential energy savings of the combination of radiative 

cooling with solar thermal collection, a novel concept named Radiative Collector 

and Emitter, based on energy demands of different buildings typologies and for 

worldwide climatology. This chapter comprises the following journal paper: 

- S. Vall, A. Castell, and M. Medrano, “Energy Savings Potential of a Novel 

Radiative Cooling and Solar Thermal Collection Concept in Buildings for 

Various World Climates,” Energy Technology, vol. 6, no. 11, pp. 2200–

2209, 2018. DOI:10.1002/ente.201800164. 

The research fundaments the assessment in the coverage ratio between the energy 

demands for space cooling and DHW of different building typologies and the 

energy production of the studied technology combination, for different locations 

worldwide.  
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As presented in Figure 6, the development of journal papers 3 and 4 (Chapter 6 and 

Chapter 7) was in parallel. The reason is that paper 3 needed empirical data for validation 

from an experimental setup, and this experimental setup is analysed in paper 4. 

 Chapter 6 presents a numerical modelling of an RCE to improve existing research 

by giving more strength and precision to the radiation functionalities. The model 

was validated with data from an RCE experimental setup; then it was used to 

determine and optimise the relevant radiative cooling parameters. This chapter 

comprises the following journal paper: 

- S. Vall, K. Johannes, D. David, and A. Castell, “A new flat-plate radiative 

cooling and solar collector numerical model: Evaluation and 

metamodeling,” Energy, vol. 202, art. 117750, 2020. 

DOI:10.1016/j.energy.2020.117750. 

The conception and development of the numerical RCE modelling presented in 

this chapter were done during the four-month PhD candidate research stay at the 

Centre for Energy and Thermal Sciences of Lyon (CETHIL) at the University of 

Lyon. 

 

 Chapter 7 presents the experimental results of an RCE experimental setup used 

for concept validation. The experimental setup consisted of two adapted solar 

thermal collectors, one used for solar thermal collection and the other for radiative 

cooling. The results were presented in the following journal paper, included in 

this chapter: 

- S. Vall, M. Medrano, C. Solé, and A. Castell, “Combined Radiative 

Cooling and Solar Thermal Collection: Experimental Proof of Concept,” 

Energies, vol. 13, no. 4, p. 893, 2020. DOI:10.3390/en13040893. 

 Chapter 8 presents the conclusions of the PhD thesis and future work. This chapter 

discusses and summarises all research breakthroughs at the end of this PhD thesis 

and presents possible next steps on this topic. 
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Chapter 4. Radiative cooling as low-grade 

energy source: A literature review 

 

4.1. Introduction 

Chapter 4 aims to compile and structure all available information scattered in the literature 

on radiative cooling for whoever wants to catch up on this topic, or for researchers on this 

topic who need a foundation to lay its research. 

Paper 1 presents a complete literature review of radiative cooling considering all different 

radiative cooling aspects, such as the environmental conditions affecting the phenomena, 

the selection and development of materials, the analytical and numerical methods, and 

the experimental prototypes until 2016. Radiative cooling has been studied since the early 

20th century, but in recent years, great interest has been aroused around this topic due to 

the exploration of renewable cooling techniques. Because of this, the authors performed 

a literature review update to analyse the newly disclosed research. 

 

4.2. Contribution to the state-of-the-art 

Before the publication of the review paper (paper 1), all radiative cooling related research 

was scattered in the literature, becoming an arduous work to identify new research 

opportunities. Paper 1 presents this research in a structured review. Apart from generating 

a complete compendium of radiative cooling research, paper 1 made other contributions. 

First of all, the paper included general but precise information on the radiative cooling 

physical phenomenon. The first technical approaches for incoming infrared radiation 

estimation were empirical correlations. The authors made a particular effort to compile a 

complete list of empirical correlations for clear and cloudy sky conditions. From this task, 

the authors detected that the precision of empirical correlation is bare and do not depict 

the physical phenomenon: an average approximate overall value instead of real-time data 
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and uniform spectrum instead of real sky radiation. However, they can be used as a good 

approximation only if adapted or chosen to a specific location. 

The review also spotted the lack of research on radiative cooling harvesting potential 

(locations, climates, power density, etc.). Radiative cooling requires a world climate 

analysis to evidence which climates are of interest to implement this technology. 

Further, the authors reviewed and discussed available selective radiative cooling 

applications research, classifying them according to their specific position in the 

application, the selective material technology, and other selective strategies. Recently, 

new selective materials have opened a new field of research with high potential. 

The paper also reviewed and compared analytical and numerical simulations of radiative 

cooling research, orientated to flat plate design. The review classifies the research 

depending on how they deal with the sky, the ambient, or the internal fluid. The results 

pointed out the desirability of windscreen usage, fluid as internal thermal-carrier usage, 

and heat storage usage. 

Moreover, the paper reviewed experimental active radiative cooling devices. The results 

showed the applicability of this technology for some climates and pointed out to add new 

aspects or functionalities in new prototypes to improve its performance, applicability, and 

profitability. 

From this radiative cooling literature review, the authors detected a feasible potential of 

radiative cooling for cold production. The authors also spotted the interest in selective 

material usage, the need to improve optical properties in simulations, and the interest in 

combining radiative cooling with other energy production technologies, as proposed in 

this PhD thesis with solar thermal collection. 

Also, the literature extension identified two main research interest. First, the development 

of selective materials for day-time radiative cooling, which is preferred instead of 

nocturnal because cooling peak demand happens during the day-time period. Second, the 

development of experimental prototypes combining radiative cooling with other 

generation technologies. This combination of technologies complements radiative 

cooling by producing other types of energy, thus making it more profitable. Some 

promising combinations are with solar thermal collection and photovoltaic. 
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Moreover, the comprehensive review reveals the difficulties of comparing/benchmarking 

new devices and materials due to the lack of standardised key performance indicators 

(KPI). 

 

4.3. Contribution to the objectives of the PhD thesis 

Chapter 4 contributes to accomplishing objectives I and II (partially), both related to the 

reviewing and detection process. 

In the present chapter, a complete review of all available radiative cooling literature is 

performed and presented in a review paper (paper 1) and extended with the latest research 

in the field, therefore, accomplishing objective I. The review paper has an easy-to-follow 

structure, dividing the research into different topics. The literature review extension has 

focused on the new trends and similarly followed the structure of the review paper. 

Additionally, as part of the same process, the review of existing and new materials 

suitable for radiative cooling is performed. So, objective II has partially been 

accomplished in the present chapter and completed in Chapter 6. 

 

4.4. Journal paper 

Reference: 

S. Vall and A. Castell, “Radiative cooling as low-grade energy source : A literature 

review,” Renewable and Sustainable Energy Reviews, vol. 77, pp. 803–820, 2017. 

DOI:10.1016/j.rser.2017.04.010. 
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4.5. Review update 

Since the publication of this review (paper 1), radiative cooling literature has been 

expanding. Other radiative cooling reviews [26–29], as well as several cutting edge 

scientific papers have been published, requiring an update of the published state of the art 

review.  

A brief update of these new papers is summarised in Chapter 4. Special attention is 

focused on papers of new materials suitable for radiative cooling under sunlight, in 

experimental active radiative cooling devices for day-time and active radiative cooling 

combined with other strategies or technologies. 

This bibliography extension is structured similarly to the review paper and, for better 

comprehension, summarised into two tables, one for newly day-time radiative cooling 

materials (Table 1) and another for new radiative cooling experimental work and radiative 

cooling combined with other technologies (Table 2). 

 

4.5.1. Selective day-time radiative cooling  

Radiative cooling generation is of more utility during the day-time period rather than 

night-time because cooling peak demand occurs during the day-time period [30]. 

Selective materials are essential to achieve radiative cooling under sunlight or maximise 

cooling performance. For day-time radiative cooling, the required optical properties are 

to reflect maximum incident solar irradiation (0.3-4 µm) whereas emitting in the infrared 

atmospheric window (7–14 µm). 

New reviewed research is classified into the following groups: Polymer foils on metal 

surfaces, Multilayer materials and Photonics structures/designs, Single-material surface, 

Selective screen and convection shield, and Directional selectivity. 

 

4.5.1.1.Polymer foils on metal surfaces 

Combinations of a highly reflective metal surface with the addition of polymer foils on 

top of it have been developed and tested because of its high day-time radiative cooling 
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performances (low solar spectrum absorption, high emission in the infrared band), low 

cost, large-scalable and straightforward manufacturing process. 

Kou et al. [30] developed a polymer-silica-mirror consisting of fused silica (SiO2) coated 

with a polydimethylsiloxane (PDMS) top layer and a silver (Ag) back reflector 

(PDMS/SiO2/Ag), which experimentally demonstrated to achieve passive radiative 

cooling under direct sunlight. Zhou et al. [31] developed a material with a similar 

composition, consisting of a PDMS top layer on Ag with good performances, pointing 

PDMS as a promising coating material for day-time radiative cooling due to its 

transmissivity in the visible spectrum and high emissivity in the mid-infrared. Meng et al. 

[32] proposed polyvinyl fluoride (PVF) as polymer coating because of its better 

durability, anti-staining performance and corrosion protection than other polymer 

materials, though achieving good radiative cooling performance under direct sunlight. 

In contrast to other polymer coatings, Mandal et al. [33] proposed a simple, scalable, and 

inexpensive polymer: hierarchically porous poly(vinylidene fluoride-co-

hexafluoropropylene) (P(VdF-HFP)HP) coating, which has paint-like applicability and 

exhibits good day-time radiative cooling performance. Liu et al. [34] also proposed a cost-

effective and simple to manufacture day-time radiative cooling material, using bisphenol 

A (BPA) epoxy resin as a coating of an Ag layer, which also proved good day-time 

performances. 

 

4.5.1.2.Multilayer materials and Photonics structures/designs 

Concepts recently developed in photonic design, nanomaterials, and manufacturing 

processes have opened a range of possibilities for day-time radiative cooling, allowing 

exceptional cooling performance levels. 

Zhai et al. [35] demonstrated efficient day-time radiative cooling with a randomised glass-

polymer hybrid metamaterial, designed and fabricated by encapsulating randomly 

distributed silicon dioxide (SiO2) microspheres in the matrix material of 

polymethylpentene (PMP or trademark TPX). The metamaterial showed good day-time 

radiative cooling performances and, with the advantages of using TPX, offering 

potentially long lifetimes for outdoor use and the possibility of cost-effective, scalable 
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fabrication. Similarly, Fan et al. [36], developed and tested a double-layer structure foil 

composed of transparent fluorinated polyimide (FPI) with SiO2 microspheres embedded, 

on top of an Ag coating (FPI@SiO2/Ag), prepared by a simple polymerisation process 

and easily fabricated in large area foils reducing the cost, which also showed good day-

time radiative cooling performances. 

Zhao et al. [37] experimentally investigated the day-time radiative cooling performance 

of a SiO2 mirror emitter, consisting of deposited SiO2 on an Ag layer on a thin SiO2 

substrate, showing that good performance is possible, but also detecting the strong 

influence of different climate conditions on the performance. 

The wide range of possibilities offered by photonic design leads to the development of 

materials not only capable of day-time radiative cooling but with aesthetics and functional 

purposes. Lee et al. [38] present a coloured passive radiative cooler with potential for 

day-time cooling, displaying primary colours to exhibit the desired appearance. 

Based on the suggestion made by Kou et al. [30], that the polymer-silica-mirror 

(PDMS/SiO2/Ag) emitter could improve its cooling performance by reducing solar 

absorption in the ultraviolet region, Zhu et al. [39] experimentally demonstrated this 

improvement with a multilayer structure (PDMS/TiO2/MgF2/SiO2/Ag). 

Ao et al. [40] proposed two different surfaces to achieve day-time radiative cooling: ultra-

white glass-plated Ag, and the zinc phosphate sodium (NaZnPO4) particles on aluminium 

(Al) substrate. Both materials showed effective day-time radiative cooling under certain 

conditions being both of low cost. 

Jeong et al. [41] developed an optimised multi-layered photonic material for day-time 

radiative cooling, based on four TiO2-SiO2 layers on Ag, estimating promising results. 

The authors claim a cost drop when compared to other materials and manufacturing 

processes. 

Huang et al. [42] proposed single nanoporous MgHPO4-1.2H2O powder as day-time 

radiative cooling material due to its good optical properties. This simple and low-cost 

material demonstrated good performances. 



 

Chapter 4 - Radiative cooling as low-grade energy source: A literature review 

41 

 

Some authors explored the multi-dimensional photonics topic. Jeong et al. [43] present a 

bio-inspired material with a prismatic structure of PDMS, on SiO2 and Ag layers, with 

good day-time radiative cooling performances, though with solar shading. 

 

4.5.1.3.Single-material surface 

Li et al. [44] proposed and tested aluminium phosphate (AlPO4) as day-time radiative 

cooling material/coating, with promising day-time performances in the form of tridymite-

type AlPO4 (T-APO). 

Yang et al. [45] proposed a day-time radiative cooling material consisting of a layer of 

lithium fluoride (LiF) crystal on silver (Ag), demonstrating good day-time performance 

due to the good selective emission of LiF (almost perfectly matching the atmospheric 

window). 

Li et al. [46] developed a multifunctional passive radiative cooling material composed of 

wood presenting good day-time radiative cooling performance and good structural 

properties. This material is also manufacture-scalable, thus promoting the practical 

application of radiative cooling into buildings. 

 

4.5.1.4.Selective screen and convection shield 

Other materials and functionalities presented in the literature reflect solar irradiation 

selectively, such as Torgerson & Hellhake [47] proposed: a material that blocks almost 

all solar irradiation while letting infrared thermal radiation pass through. This material 

allows different possibilities in the day-time radiative cooling topic with a scalable and 

low-cost material.  

On the other hand, Zimming et al. [48] proposed a selective screen that lets visible light 

pass through while emitting thermal radiation. This application has several appliances 

(for instance: PV cells, glass roof, and vehicles), but for day-time active radiative cooling, 

it must be backed by a solar reflector, in this research a silver-plated Al sheet bladed, with 

good performance according to the authors. 
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4.5.1.5.Directional selectivity 

Directional selectivity is a strategy of high importance because of its high generation 

potential, even the difficulty in achieving feasible applications. In that way, Bhatia et al. 

[49] proposed an approach to benefit from angular confinement of solar irradiation to 

achieve day-time radiative cooling almost regardless of the reflectivity of the material in 

the solar wavelength range. This technique achieved good performance, proving that solar 

radiation input suppression is an important issue, allowing the use of low-cost materials 

without excellent optical properties. 

 

4.5.2. Theoretical approach and numerical simulation 

Theoretical models are essential to evaluate a device/solution in different scenarios. The 

combination of radiative cooling with other technologies is of great interest, even in 

theoretical modelling. Hu et al. [50] modelled a trifunctional system with radiative 

cooling, photovoltaic and photo-thermal (PV-PT-RC). The model was based on an 

experimental prototype already presented in [51] and validated with real data. 

 

4.5.3. Radiative cooling prototypes 

Active radiative cooling systems use a heat transfer fluid to carry the cold produced to a 

thermal system where it is stored and consumed when needed. In contrast, passive 

radiative cooling systems directly cool an object surface and are of more simplicity. 

Active radiative cooling is more efficient than passive because cold produced is managed 

[52]. 

This reason turns the development of quasi-real day-time active radiative cooling devices 

into a research trend. This radiative cooling development of active devices is not only 

using new metamaterials that demonstrated its effectiveness in the lab, but also with 

commercially available materials. Goldstein et al. [53] developed and tested a radiative 

cooling device using an available commercial material as the emitting surface to prove 

this promising technology. The authors tuned the water flow in the test to see its effect on 

temperature drop and cooling power. 
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Zhao et al. [52] and Aili et al. [54] used a metamaterial called RadiCold [35] in quasi-real 

devices, similar to a thermal collector, to analyse the day-time active radiative cooling 

performance of this material under real conditions, showing good performance, as 

summarized in Table 2. Yuan et al. [55] used the metamaterial RadiCold on top of a box 

with enclosed water to experimentally investigate day-time passive radiative cooling with 

results proving day-time cooling. 

 

4.5.4. Radiative cooling combination 

Radiative cooling can be effectively achieved during night-time with the absence of solar 

irradiation that mismatches solar thermal collectors/photovoltaic operation time. It is of 

great interest to combine radiative cooling with these technologies, making the device 

more profitable. 

Hu et al. [56] developed and tested a prototype for night-time radiative cooling and solar 

thermal collection using black acrylic paint as panel coating, presenting good 

performances. 

Chen et al. [57] tested a prototype, developed by Chen et al. [58], to demonstrate 

simultaneous heating and cooling harvesting. This device singularity lies in the ability of 

the solar absorber, placed above the radiative cooler, to be transparent to mid-infrared 

radiation. This proof-of-principle experiment demonstrates simultaneous generation with 

potential for large scale deployment. However, the prototype needs a practical thermal 

management system to conduct generation in the device to any external appliance. 

Zhao et al. [59] developed and tested a prototype of hybrid day-time photovoltaic (PV) 

generation and night-time radiative cooling (RC). The performance of the PV-RC hybrid 

system was evaluated and proved the suitability of the combination. Additionally, the 

measured data was used to validate a thermal model for parametric study. Later on, Hu et 

al. [60] developed and tested a prototype of a hybrid double-covered day-time photo-

thermal (PT) collector and night-time radiative cooling (RC) module, showing good 

combined performance. The device used a double cover, a windscreen, and glazing to 

enhance PT, whereas glazing acted as an emitter for the RC module. Finally, Hu et al. 

[50,51] developed a hybrid photovoltaic-photothermic-radiative cooling (PV-PT-RC) 

collector, which tested outdoors proved good performance for all three technologies. 
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Liu et al. [61] developed and tested a device coupling radiative cooling and solar thermal 

collection as passive technologies to control indoor temperature. The device used the two 

faces for such combination, one for RC and the other for SC. The model demonstrated 

the ability to work in both modes. According to the authors, it was then modelled and 

integrated into a building to evaluate its potential as passive and active technology with 

good results. 

Additionally, other options are to combine radiative cooling with other cooling 

technologies, such as heat pumps, to improve its performance. Goldstein et al. [53], after 

developing and testing a radiative cooling prototype, modelled the radiative cooling 

device to be integrated into a heat pump system used as a cold source, showing potential 

for significant energy savings. 
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Chapter 5. Energy Savings Potential of a 

Novel Radiative Cooling and Solar Thermal 

Collection Concept in Buildings for Various 

World Climates 

 

5.1. Introduction 

Radiative cooling uses the sky as a heat sink by taking advantage of its lower-than-

ambient effective temperature, thus becoming an option to supply buildings cooling 

demands in hot and dry regions [62]. However, radiative cooling has lower production 

rates than other renewable technologies such as solar thermal or photovoltaic [25,63]. 

Therefore, although radiative cooling consumes small amounts of energy compared to 

other technologies, such as compression heat pumps, it needs new strategies or 

improvements to become feasible and more appealing for widespread deployment, as 

confirmed in the reviewed literature in Chapter 4. 

A possible technology to combine with radiative cooling is solar thermal collection. These 

two technologies are operationally compatible because, in general, radiative cooling takes 

place during night-time and solar thermal collection during day-time, and both 

technologies present a similar flat-plate design. However, radiative cooling is the 

antagonist to solar thermal collection because they work with different radiation 

wavelengths, so they are generally not designed to work together. Chapter 4 presents a 

more detailed analysis of the differences and similitudes between these two technologies. 

Even though the necessity of technical improvements, this combination presents 

significant benefits, such as generating two energy products in a single device, the 

reduction of non-renewable energy consumption, and the achievement of a more cost-

effective device. 
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Additionally, from the reviewed literature in Chapter 4, the authors noticed the lack of 

research on radiative cooling harvesting potential and the need for a world climate 

analysis to determine which climates or regions the implementation is of real interest. 

Chapter 5 aims to demonstrate that radiative cooling technology has the potential to be 

coupled with solar thermal collection and cover part of the space cooling and DHW 

demands of different buildings in different climates. First, paper 2 introduces the novel 

concept, the combination of radiative cooling technology with solar thermal collection, 

and its characteristics. Then, paper 2 presents the study and results of the potential energy 

savings of this combination based on the energy coverage between energy generation and 

energy demand for different locations, climates, and building typologies. 

 

5.2. Contribution to the state-of-the-art 

Paper 2 introduces a novel concept named Radiative Cooler and Emitter (RCE), which 

combines radiative cooling and solar thermal collection in the same device, with two 

operational modes for cold and heat production (see Figure 7). 

 

Figure 7 - RCE operational diagram 

This novel concept, the RCE, is conceived to take the full potential of both technologies 

and operational modes, thus requiring the understanding of the present radiations: solar 

radiation (0.3-4 μm) and thermal radiation (4-50 μm), and how these different radiations 

affect the device performance. 

The idea of achieving full potential for both operation modes leads to the distinguishing 

feature of RCE against other researches: the use of an adaptable (movable or 

exchangeable) cover (Figure 8). Paper 2 describes this feature and presents a possible 

specific application/solution (Figure 9). 
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Figure 8 – Conceptual radiation diagram flow for RCE day-time and night-time operation modes. 

 

Figure 9 - RCE device 3D representation 

Paper 2 presents the analysis of the potential implementation of RCE based on the energy 

coverage of space cooling and DHW demands of different building typologies under 

different climatic conditions. 

The energy production of the RCE is calculated for each mode separately, with some 

standard assumptions presented in paper 2. Day-time or solar thermal collection mode 

uses global horizontal irradiance values and a performance ratio to calculate the energy 

production in this operational mode. Night-time or radiative cooling mode uses the 

radiation balance between the RCE surface and the sky. The RCE emitted radiation is 

calculated considering a surface temperature of 20°C, and the incoming infrared radiation 

is calculated using different empirical correlations [64–67] depending on the climate and 

taking into account clear/cloudy sky conditions from weather datasets. 

The energy demand was calculated for different building typologies, provided by the USA 

Department of Energy (two residential buildings: single-family detached house and multi-
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family low-rise apartment building; and two commercial buildings: medium office and 

small hotel), and different climates (sixteen representative cities of most Köppen-Geiger 

classification climates) by using specific software: EnergyPlus™. 

The analysis compares the energy demands of space cooling and DHW with the energy 

production of RCE for the scenarios mentioned above, for monthly basis. The research 

detected suitability of RCE in several cities. According to the analysis, climates with 

warm summers and cool/cold winters are preferred for RCE implementation with 

appropriate coverage ratios of space cooling higher than 25% and DHW higher than 75%. 

According to the results, climates with unbalanced demands, either with too high heating 

demand or too high cooling demand, are not suitable for RCE. In those climates, mainly 

one technology (solar thermal collection or radiative cooling) is required, with limited 

RCE implantation. Therefore, an appropriate ratio between cooling and DHW demand 

helps to take full potential of RCE. In particular, buildings with constant heat demands, 

such as DHW in residential buildings and hotels, and low cooling demands, such as 

residential buildings in climates with warm summers, are spotted to be more appropriate 

because they present a better energy demand balance for RCE. 

The results in paper 2 outlined the potential of RCE implementation in some climates and 

building typologies. However, the authors proposed further research in developing a more 

detailed numerical model of RCE to improve the accuracy of the calculations. The authors 

also highlighted the necessity of experimental testing to analyse RCE technology under 

real operation conditions. 

This paper fills a gap in the literature with little research presenting the potential of 

radiative cooling technology and none for the combination of radiative cooling with solar 

thermal collection. 

Paper 2 will help to take a step forward on the development of this technology by spotting 

for which locations or climatological conditions and for which building applications the 

use of RCE is suitable and profitable in terms of energy savings. 
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5.3. Contribution to the objectives of the PhD thesis 

Chapter 5 contributes to accomplishing objective III by presenting, in paper 2, the 

worldwide implementation study and results of potential energy savings of RCE. This 

study based its results on the coverage ratio between RCE energy production and energy 

demands for different buildings typologies and climates. 

This chapter also contributed somehow to the later accomplishment of objective IV, by 

generating a simple numerical model of RCE to simulate its performance under different 

climatological conditions. However, with this initial model, it was not possible to study 

RCE general behaviour under external conditions. This model was not meant to study the 

device parameters (such as material properties, dimensional properties, operating 

properties). 

 

5.4. Journal Paper 

Reference: 

S. Vall, A. Castell, and M. Medrano, “Energy Savings Potential of a Novel Radiative 

Cooling and Solar Thermal Collection Concept in Buildings for Various World 

Climates,” Energy Technology, vol. 6, no. 11, pp. 2200–2209, 2018. 

DOI:10.1002/ente.201800164. 
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Chapter 6. A new flat-plate radiative cooling 

and solar collector numerical model: 

Evaluation and metamodeling 

 

6.1. Introduction 

The combination of radiative cooling with solar thermal collection in a single device is a 

possible solution to increase the profitability and widespread implementation of radiative 

cooling thanks to producing both heat and cold thermal energy. 

Chapter 5 presented the RCE, a novel concept that combines radiative cooling and solar 

thermal collection in a single device, having an adaptable cover as the differentiating and 

unique feature. This feature allows for different material usage with different optical 

properties, thus allowing differentiated operational periods (day-night). 

Also, Chapter 5 presented promising results of RCE potential implementation for some 

weathers and buildings typologies. However, it also pointed out the requirement for more 

accurate calculations or modelling to reaffirm these results. 

So, there is a necessity in developing a detailed numerical model to simulate RCE energy 

production. According to the literature reviewed in Chapter 4, the new model should 

include specific details to emulate incoming infrared radiation physical phenomenon 

honestly (real spectrum) and improvements by using a cover and fluid as internal thermal-

carrier. 

There is no numerical model in the literature capable of simulating both radiative cooling 

and solar thermal collection, with accurate incoming infrared radiation 

simulation/calculation, and with adaptable cover capability. 

Chapter 6 presents the numerical modelling of a Radiative Collector and Emitter, with 

several improvements or new features, compared to the reviewed numerical models, and 
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its validation with experimental data. Once the model was validated, a sensitivity analysis 

was performed to determine the most influencing parameters to the radiative cooling 

production. There is no sensitivity analysis for radiative cooling parameters in the 

literature and, even no sensitivity analysis was found for solar thermal collection, there is 

extensive experimental research focused on analysing its most influencing parameters 

[68–71]. 

Chapter 6 aims to develop a helpful tool for evaluating RCE performance under any 

climatological circumstance (weather, season) and operational use. 

 

6.2. Contribution to the state-of-the-art 

The paper presents an experimentally validated numerical model capable of representing 

the behaviour of an RCE device under any environmental circumstance. It also presents 

a sensitivity analysis to determine the most influencing radiative cooling parameters. 

Before this paper, no numerical model combining radiative cooling and solar thermal 

collection existed in the literature. There exist some numerical models for solar thermal 

collection that integrate radiative cooling phenomenon (presented as “radiative losses”) 

on the thermal balance. However, these integrations were not conceived for cold 

generation but to estimate heat losses during operation (day-time). Moreover, these 

models use simple empirical correlations to estimate the radiative cooling effect instead 

of real data as in the present research. 

The numerical model discretises a flat plate collector: its components (radiator plate, back 

insulation, air gap, cover, water) and the environment (ambient air, Sun, sky), into some 

nodes. The model uses 1D relations based on electrical analogy for simplified modelling 

(resistance-capacitance modelling) and radiation balance (Figure 10). Convection heat 

transfer coefficients are calculated with empirical Nusselt correlations and conduction 

heat transfer coefficient with specific FEM software: COMSOL Multiphysics®. The use 

of 1D modelling against 2D or 3D was based on the ease of implementation and greater 

flexibility. 
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Figure 10 - 1D resistance-capacitance thermal model 

Another essential part of the model is the radiation balance modelling. The authors 

conceived the radiation model in four different wavelengths ranges (0-4 μm, 4-7 μm, 7-

14 μm, and >14 μm) to represent better the solar radiation (0.3-4 μm), the infrared 

radiation (4-50 μm), but especially the infrared atmospheric window range (7-14 μm), as 

well as the optical properties of the materials involved in the radiation balance which are 

wavelength dependant. The model also uses real data measurements from a Pyranometer 

(solar radiation) and a Pyrgeometer (infrared radiation). These two features applied in this 

model are not present in any other numerical model, giving the model tools to take special 

care of radiation data. 

The radiation balance used the radiosity-irradiation method for calculations where it 

intervenes the surfaces of two physical elements of the flat plate collector (cover and 

radiation plate) and the incoming radiations: solar radiation and atmospheric radiation 

(Figure 11). 

The authors chose to integrate the numerical model into TRNSYS software, creating a 

new TRNSYS type. The reason was the ease of integrating the model coding into a 

software with a large community of users and an extensive list of utilities (SC/PV 

systems, building, storage, control and logic, visualisation, etc.). 
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Figure 11 – Radiation model 

In parallel to the numerical modelling, an experimental setup was designed and built 

(Figure 12) for model validation. For the sake of simplicity, the experimental setup used 

two different flat plates: one emulating an RCE in day-time/solar thermal collection 

mode, and the other one an RCE in night-time/radiative cooling mode. 

  

Figure 12 – Solar thermal collector plate (left); radiative cooling plate (right) 

The temperature in the entrance and exit of each flat plate, the flow rates, and the 

incoming atmospheric radiation were measured on-site. Also, a nearby weather station 

measured ambient temperature and solar radiation. Experiments were performed during 

summer (31/07 to 04/08) in Lleida, and the measured data was used for model validation. 

The experiments tested the properties and performance of an adaptable cover in real 

conditions. The model proved accuracy in predicting the thermal behaviour of both 

operational modes, and the results evidenced the potential for implementing dual 

functionality: solar thermal collection and radiative cooling. 

Once the model was validated, the authors performed a sensitivity analysis to find 

statistically significant variables, or combinations of variables, of radiative cooling in a 
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flat plate configuration. The authors presented a complete list of parameters, narrow down 

the list in some steps (preliminary screening + One-step-at-a-time (OAT) method 

analysis) and finally performed an Analysis of variance (ANOVA) using a 2k factorial 

design. 

The performed sensitivity analysis detected five parameters or variables, and four 

combinations between them, as the most influencing for radiative cooling in a flat plate 

configuration: air gap thermal conductivity, radiator emissivity and cover transmissivity 

in the wavelength range of 7-14 μm, water inlet temperature, and water inlet flow; being 

water inlet temperature the most influencing variable. 

In general, and for the studied conditions, higher values of these parameters and variables 

result in higher cooling generation rates. However, for low values of water inlet 

temperature (< 15°C, for the studied conditions), low values of air gap thermal 

conductivity increase cooling energy production. Thus, if low temperatures are to be 

achieved, vacuum or partial vacuum in the cavity between the cover and the radiator 

surface may increase the cooling production. 

The authors also highlighted the importance of adequately choosing the water inlet 

temperature because even though higher temperatures increase cooling production values, 

this temperature should be adequate for cooling purposes. The performance simulation 

with the optimised parameter values, presented the importance of selecting suitable 

materials because it may significantly increase the radiative cooling performance. 

This model will also allow future exploration of RCE implementation by integrating this 

model into a complete HVAC or storage system. 

 

6.3. Contribution to the objectives of the PhD thesis 

Chapter 6 contributes to accomplishing objectives II, IV and VI, by presenting, in paper 

3, a numerical model to simulate an RCE device. This numerical model adapts to the flat-

plate configuration and integrates external conditions into the calculations (IV). 

Paper 3 also presents a sensitivity analysis performed to detect the most influencing 

parameters for radiative cooling mode. This detection allowed the optimisation of this 

operational mode and the extraction of valuable conclusion (VI). Also, by identifying the 
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most influencing parameters for radiative cooling, the paper studied suitable radiation 

properties for both technologies (II). 

 

6.4. Journal Paper 

Reference: 

S. Vall, K. Johannes, D. David, and A. Castell, “A new flat-plate radiative cooling and 

solar collector numerical model: Evaluation and metamodeling,” Energy, vol. 202, art. 

117750, 2020. DOI:10.1016/j.energy.2020.117750. 
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Chapter 7. Combined Radiative Cooling and 

Solar Thermal Collection: Experimental 

Proof of Concept 

 

7.1. Introduction 

Although the tremendous radiative cooling research effort made in the literature, there 

are still some features that limit radiative cooling performance and need to be addressed 

[22]. Based on the numerical simulation research reviewed from literature, Chapter 4 

presented some improvements: the recommendation of cover usage to reduce heat gains, 

the use of liquid instead of gas as internal fluid heat-carrier to permit control of the system, 

and the use of heat storage to reach higher cooling power densities. According to the 

experimental radiative cooling research literature reviewed in Chapter 4, radiative cooling 

presents applicability for some climates, thus leading up to combine radiative cooling 

with other technologies for profitability reasons. 

The combination of radiative cooling with solar thermal collection in a unique device, 

here named Radiative Collector and Emitter, is an alternative to make radiative cooling 

devices profitable and ready to deploy into the new and existing building stock [72]. 

However, according to the literature reviewed in Chapter 4, there is a lack of a technology 

capable of producing both solar thermal collection and radiative cooling, caused by some 

limitations regarding suitable materials for both operation modes. 

One major limitation is the undesired convective heat gain from ambient that with the use 

of a cover can be reduced [73]. However, both technologies use different materials, 

specially chosen with the desired optical properties. 

For solar thermal collection, glass is the usual material because it allows solar radiation 

to pass through and blocks thermal radiation emitted by the surface of the collector [69]. 

There are materials with suitable optical properties for radiative cooling, but they are of 
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difficult availability or mechanically not suitable enough [74]. The extended cover 

material for radiative cooling is LDPE. The material suitability for both modes is difficult 

to achieve using a single material with constant optical properties. So, despite the 

performance benefits of using a cover, some of the existing research used no cover for 

experimental prototypes [75–77], or used a single material [78], thus limiting the 

performance of one of the modes. 

Chapter 5 introduced and theoretically described a unique feature of RCE: the use of an 

adaptable cover, which may resolve the problem of finding, or developing, a material 

suitable for both modes. 

Chapter 7 presents a Radiative Collector and Emitter prototype tested under real 

conditions. The prototype is a first approximation on using an adaptable cover to use two 

different materials to benefit both operating modes. The data collected and the presented 

results are to demonstrate the potential of this technology and validate the numerical 

model presented in Chapter 6. 

 

7.2. Contribution to the state-of-the-art 

Paper 4 presents a research on the design, construction and analysis of a Radiative 

Collector and Emitter (RCE) experimental device. The paper presents the empirical 

results of an RCE device using an adaptable cover, tested under real conditions to 

demonstrate its potential energy production and operation. The results proved the device 

to be capable of heating water during the day-time period and cooling down water below 

ambient temperature during the night-time period. Moreover, the research aims to 

discover patterns or behaviours not detected in numerical modelling to improve the 

technology. 

As already explained in Chapter 6, in parallel with numerical modelling, an experimental 

RCE setup consisting of two flat plates was designed and built (Figure 12). The use of 

two different devices, one for each operational mode, was to simplify operation and for 

preliminary concept validation demonstration. 

The experimental setup consisted of seven temperature sensors, for temperature 

measurements in the entrance and exit of each flat plate and storage tank, two flow meters 
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to evaluate water flow rates, and a Pyrgeometer for incoming atmospheric radiation 

measurements (Figure 13). 

 

Figure 13 – Experimental setup sketch 

A weather station placed close to the experimental setup measured the ambient 

temperature and the solar radiation. The experimental campaign was carried out during 

the summer period: from 31/07 to 04/08 in Lleida (Spain). 

The experimental campaign allowed the study of the RCE concept under real conditions. 

The development of an adaptable cover system and the analysis of the transition period 

from one operation mode to the other were not in this research scope. 

The experiments were carried out in summer, and particular interest was posed in 

radiative cooling. The results proved the ability of the RCE device to heat water during 

day-time period, with average temperature differences with the ambient of 8-25°C and 

average heating powers of 120-310 W/m², and to cool down water during night-time 

period, with average temperatures of 2-3.5°C below ambient and average powers of 22-

50 W/m². 

Paper 4 also presents two formulas (Eq. 4 and Eq. 5) to evaluate the performance of each 

operational mode, with particular importance given to the radiative cooling formula: 
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Solar Collection efficiency: 

Eq. 4 𝜂𝑠𝑐 =
∫ �̇�𝑠𝑐 · 𝑑𝑡

𝐴 · ∫ 𝐼 · 𝑑𝑡
 

Where: 

𝜂𝑠𝑐 Solar collection efficiency [-]. 

�̇�𝑠𝑐 Solar Collector (SC) mode device power [W]. 

𝐴 Collector area [m²]. 

𝐼 Solar Irradiation, in this case, GHI [W/m²]. 

 

Radiative Cooling efficiency: 

Eq. 5 𝜂𝑟𝑐 =
∫ �̇�𝑟𝑐 · 𝑑𝑡

𝐴 · ∫ 𝑅 𝑑𝑡
 

Where: 

𝜂𝑟𝑐 Radiative cooling efficiency [-]. 

�̇�𝑟𝑐 Radiative Cooling (RC) mode device power [W]. 

𝐴 Collector area [m²]. 

𝑅 Effective outgoing infrared Radiation [W/m²] (Eq. 6): 

 

Eq. 6 𝑅 = 𝑅↑ − 𝑅↓ = (𝜀 · 𝜎 · 𝑇𝑟𝑐
4  −  𝑅↓) 

Where: 

𝑅↓ Incoming Radiation [W/m²]. 

𝑅↑ Radiative cooler surface emitted infrared radiation [W/m²]. 

𝜀 Radiator emissivity/absorptivity [-]. 

𝜎 Stefan-Boltzmann constant, 5.67·10-8 [W/m²/K4]. 

𝑇𝑟𝑐 Radiator temperature (average inlet/outlet) [K]. 

 

These formulas (Eq. 4 and Eq. 5) improve another proposed procedure by Hu et al. [44], 

by using RCE surface temperature instead of ambient temperature, thus becoming a 

device efficiency formula. This value may help to detect how good the performance is by 

standardising the results between different devices and allowing the comparison between 
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them. The prototype achieved average efficiencies up to 49% for solar thermal collection 

and 32% for radiative cooling. 

According to the radiative cooling results, the RCE device cannot provide low-

temperature levels (7-12°C) nor good efficiencies (SEER 2-5) as other cooling 

technologies do. However, this cooling is produced with low energy consumption, and it 

can be used as a cooling source, thus reducing the use of non-renewable energy. For 

instance, the cooled water can be used as a direct source, or as an indirect source, used as 

a heat sink for other technologies, thus improving its efficiency. 

During the experiments, dew formation occurred on both sides of the cover, with special 

care in the inner side. This effect causes emission blockage and may be more problematic 

in humid climates. Some solutions, such as creating the vacuum in the gap between 

emitter and windscreen, can eliminate or mitigate the dew formation. 

 

7.3. Contribution to the objectives of the PhD thesis 

Chapter 70 contributes to accomplishing objective V by presenting in paper 4 the design, 

construction and testing of an experimental RCE device tested under real conditions. 

Paper 4 also evaluates and discusses the results that served to validate the numerical 

model presented in Chapter 6. 

 

7.4. Journal Paper 

Reference: 

S. Vall, M. Medrano, C. Solé, and A. Castell, “Combined Radiative Cooling and Solar 

Thermal Collection: Experimental Proof of Concept,” Energies, vol. 13, no. 4, p. 893, 

2020. DOI:10.3390/en13040893. 
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Chapter 8. Conclusions 

 

8.1. Conclusions 

The present PhD thesis contributed to increase the technological knowledge of radiative 

cooling by focusing on the study of radiative cooling technology and on the development 

and analysis of a combination of radiative cooling with solar thermal collection, named 

Radiative Collector and Emitter. 

The main accomplishments of this PhD are the following: 

 The performance of a complete review of radiative cooling literature. The review 

is structured to help any reader to introduce to the basics of radiative cooling. It 

then follows to more specific research topics: selective radiative cooling research, 

numerical and experimental modelling, and recently further extended with new 

selective day-time radiative cooling and the combination of radiative cooling with 

other energy generation technologies. 

 The development of a theoretical study of the potential integration of a combined 

radiative cooling and solar thermal collection device into buildings based on the 

potential energy savings worldwide. 

 The performance of a numerical and experimental analysis of the combination of 

radiative cooling technology with solar thermal collection in the same device. 

Determination of the most influencing parameters to the radiative cooling 

production and proof of concept validation. 

 

This PhD thesis presents a complete literature state-of-the-art review of radiative cooling 

research (Chapter 4), compounded by a review paper (paper 1) and an extension for new 

disclosed cutting-edge papers reviewed from the continuous research surveillance. 

The main conclusions extracted from the literature review are listed below: 
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 Empirical correlations are simple and of bare precision, because they give an 

approximate overall value and the physical phenomenon is presented as having a 

uniform spectrum. Nevertheless, they can be used as a good approach if adapted 

or chosen for a specific location. 

 There is a lack of research on radiative cooling harvesting potential (location, 

climates, power density, etc.). Radiative cooling technology needs a world climate 

harvesting analysis to evidence which climates are of interest to be implemented. 

 There is scope for selective materials research and development. Even the 

considerable effort that has been done in developing selective materials suitable 

for radiative cooling, there is a long way until the development of excellent and 

affordable selective materials. 

 There is a recently rising research interest in developing selective materials for 

day-time radiative cooling. Day-time radiative cooling is preferred because peak 

cooling demand occurs during the day-time period. 

 The analytical and numerical reviewed research results pointed out the desirability 

of cover usage, fluid as internal thermal-carrier usage, and heat storage usage. 

 There is a need to improve optical properties implementation in numerical 

modelling to represent better the radiative cooling phenomenon and the optical 

properties of materials. 

 The results from experimental research pointed out the applicability of radiative 

cooling technology for cold production in some climates. Also, the results lead to 

provide new functionalities to improve its performance, applicability, and 

profitability. Recent research trends focus on experimental prototypes combining 

radiative cooling with other generation technologies. The reason for combining 

radiative cooling with other technologies is to complement radiative cooling by 

harvesting other resources, thus making the system more profitable. Combinations 

with solar photovoltaic or solar thermal collection are the most promising 

combinations with radiative cooling. 

 The comparison between new devices and materials was difficult due to the lack 

of standardised key performance indicators (KPI), and standard parameters to be 

analysed. 
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The conclusions of the state-of-the-art review confirmed the PhD thesis initial idea of 

combining radiative cooling and solar thermal collection, here named the Radiative 

Collector and Emitter (RCE). This novel concept was presented in Chapter 5, with some 

distinguishing features from other research. Moreover, a theoretical study was performed 

on the integration of this novel RCE concept into buildings worldwide. The main 

conclusions of the study are listed below: 

 The analysis performed presents RCE suitability/preference for climates with 

warm summers and cool/cold winters. In these climate conditions, RCE presents 

appropriate coverage ratios of space cooling higher than 25% and DHW higher 

than 75%. 

 The analysis results pointed out that climates with unbalanced demands, either 

with too high heating demand or too high cooling demand, are not suitable for 

RCE. Those climates require mainly one technology (solar thermal collection or 

radiative cooling) with limitations for RCE implantation. 

 The results indicate that an appropriate ratio between cooling and DHW demand 

helps to take full potential of RCE. In particular, buildings with constant heat 

demands, such as DHW in residential buildings and hotels, and low cooling 

demands, such as residential buildings in climates with warm summers, are 

spotted to be more appropriate because they present a better energy demand 

balance for RCE. 

 Further research is required to develop a more detailed numerical model of RCE 

to improve the accuracy in calculations and the necessity of experimental testing 

to analyse the RCE technology under real operation conditions. 

 

Based on the conclusions of both the state-of-the-art review and the study of the energy 

savings potential of the RCE, a new numerical model was developed, experimentally 

validated, and a sensitivity analysis was performed. The main conclusions from the 

numerical model simulations (Chapter 6) are listed below: 

 The model proved accuracy in predicting the thermal behaviour of both 

operational modes, and the results evidenced the potential for implementing dual 

functionality: solar thermal collection and radiative cooling. 
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 The sensitivity analysis identified five parameters or variables and four 

combinations between them, as the most influencing for radiative cooling in a flat 

plate configuration: air gap thermal conductivity, radiator emissivity and cover 

transmissivity in the wavelength range of 7-14 μm, water inlet temperature, and 

water inlet flow; being water inlet temperature the most influencing variable. 

 For the studied conditions, higher values of these parameters or variables result in 

higher cooling generation rates. However, for low values of water inlet 

temperature (< 15°C, for the studied conditions), low values of air gap thermal 

conductivity increase cooling energy production. Thus, if low temperatures are to 

be achieved, vacuum or partial vacuum in the cavity between the cover and the 

radiator surface may increase the cooling production. 

 The analysis highlighted the importance of choosing the water inlet temperature 

adequately. Even though higher temperatures increase cooling production values, 

this temperature should be adequate for cooling purposes. 

 The optimisation process spotted the importance of selecting suitable materials to 

increase radiative cooling performance significantly. 

 

Based on the conclusions of the state-of-the-art review and the study of the energy savings 

potential of the RCE, a prototype was experimentally tested. The conclusions from the 

experimental testing (Chapter 7) are listed below: 

 The results proved the RCE prototype capable of heating water during the day-

time period and cooling water down below ambient temperature during the night-

time period. 

 The results show that the RCE prototype did not reach temperature levels as low 

nor efficiencies as good as other cooling technologies do. However, RCE 

produces this cooling with low energy consumption. 

 During the experiments, dew formation on both sides of the cover was observed, 

causing emission blockage. A proposed solution is creating the vacuum in the gap 

between emitter and cover, which can eliminate or mitigate the dew formation. 

 The proposed KPI for radiative cooling efficiency can enable the comparison 

between devices further on. 
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8.2. Recommendations for future work 

The present PhD thesis has opened a new research field, the combination of two different 

renewable technologies for heat and cold production. Although the accomplishment of all 

proposed objectives, the research presented in this PhD thesis has a lot more to explore, 

under the candidate’s judgement. 

Apart from future work directly connected to present PhD thesis, the candidate finds it 

appropriate to present general future work for research to come in the field of combining 

radiative cooling and solar thermal collection: 

 Some efforts have to be focused on developing or finding suitable materials for 

this particular combination; suitable materials for real device application 

(optical/thermal properties, mechanical properties/durability, manufacturing 

properties, economical). 

 More research focused on the experimental testing of this combination integrated 

into buildings or other applications to increase available experimental research. 

There is still a lack of experimental research and the available is still in lab testing 

or concept proving. 

 

The candidate also presents a list of future work or research that would be of interest 

according to the results and conclusions presented in this PhD thesis. 

 

8.2.1. Numerical modelling future work 

After the development of the numerical model and its validation, the candidate proposes 

some following steps: 

 To integrate the RCE model with an HVAC system covering the demands of a 

real application to evaluate the energy savings (such as heat pumps). 

 To study the phenomenon detected in Chapter 6 regarding the change of tendency 

for air gap thermal conductivity when the water inlet temperature is at 15ºC, since 

this temperature may depend on the location, weather and season. 
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 To perform the potential energy-saving study again with the numerical model to 

improve the previous study accuracy. 

 

8.2.2. Experimental testing future work 

The experimental testing was limited to a few specific objectives and conclusions. The 

candidate proposes some future research: 

 To develop and test a mechanical system capable of operating the double cover 

integrated into an RCE device under real conditions. 

 To integrate the device into a testing bench to simulate the energy demands of a 

building, or to integrate it into a real building. 

 To perform a specific analysis of dew formation on the cover. 

 To perform experimental testing campaigns for long periods and in different 

seasons to extend the results and detect possible hidden effects. 
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Scientific foreign exchange 

 

The PhD candidate did a four months research stay during the realisation of this PhD 

thesis in the Centre for Energy and Thermal Sciences of Lyon (CETHIL), a joint centre 

between the National Institute for Applied Sciences of Lyon (INSA Lyon), the French 

National Scientific Research Centre (CNRS) and the University Claude-Bernard Lyon 1, 

all under the academic framework of University of Lyon. The research stay was done 

under the supervision of Dr. Kévyn Johannes and Dr Etienne Vergnault. The exchange 

was possible thanks to the award to promote research in an abroad institution from 

Societat Econòmica Barcelonesa d’Amics del País (SEBAP). In this research stay, the 

PhD candidate worked on the RCE numerical modelling in TRNSYS and the performance 

of a sensitivity analysis using ANOVA, which is included in this PhD thesis (Chapter 5, 

paper 3). This research stay also endorses the ability of the candidate to perform high-

level scientific work in an internationally renowned institution, as well as allowing the 

candidate to claim for the International mention. 
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