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Resum

La concepcid d'un mon millor per a les generacions futures passa pel compromis de
mitigar o revertir el canvi climatic. L'origen del canvi climatic és ben conegut: I'emissid
de gasos d'efecte hivernacle relacionats amb I'ésser huma, basicament per la dependencia
dels combustibles fossils. Es necessari canviar aquest paradigma; és per aixo que les
energies renovables juguen un paper fonamental: ajuden a reduir la dependencia
energetica dels combustibles fossils, augmenten la diversificacid energetica i son
tecnologies de produccié 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 produccié de calor i fred. La tesi doctoral s’ocupa
inicialment de l'estudi i revisio bibliografica de la tecnologia anomenada Radiative
Cooling, o Refredament Radiatiu, una tecnologia renovable per a la produccié de fred
mitjancant I'aprofitament del fred disponible a I'espai exterior. Aquesta tecnologia va ser
objecte d'investigacio en el passat i, gracies a desenvolupaments recents, esta recuperant

interes entre les altres tecnologies renovables per a la produccio de fred.

Els descobriments de I'estudi inicial condueixen la tesi doctoral a enfocar-se en una
innovadora combinacié de Refredament Radiatiu amb Captacié Solar Termica, una
tecnologia consolidada, amb fins de rendibilitat i operacionals. Aquesta combinacié de
tecnologies renovables en un dispositiu fisic s’anomenara Col-lector i Emissor Radiatiu
(RCE, sigles en anglés de Radiative Collector and Emitter), basant-se en la importancia

de la radiacio electromagnética en el balan¢ de calor en aquesta tecnologia/dispositiu.

Després de detectar les condicions climatiques desitjades per a facilitar l'amplia
implementaci6 de RCE en edificis, la tesi doctoral segueix amb el disseny,
desenvolupament i caracteritzacié d'un dispositiu RCE mitjangant modelatge numeéric i
proves experimentals. Els resultats demostren la capacitat i idoneitat de RCE per
escalfament i refredament, i presenten els parametres més influents de les aplicacions
RCE.
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Resumen

La concepcion de un mundo mejor para las generaciones futuras pasa por el compromiso
de mitigar o revertir el cambio climatico. El origen del cambio climético es bien conocido:
la emision de gases de efecto invernadero relacionados con el ser humano, basicamente
por la dependencia de los combustibles fésiles. Es necesario cambiar este paradigma; es
por eso que las energias renovables juegan un papel fundamental: ayudan a reducir la
dependencia energética de los combustibles fosiles, aumentan la diversificacion
energeética y son tecnologias de produccion de energia in situ.

La presente tesis doctoral tiene como objetivo contribuir al desarrollo de una innovadora
tecnologia de energia renovable para la produccion de calor y frio. La tesis doctoral se
ocupa inicialmente del estudio y revision bibliografica de la tecnologia llamada Radiative
Cooling, o Enfriamiento Radiativo, una tecnologia renovable para la produccion de frio
mediante el aprovechamiento del frio disponible en el espacio exterior. Esta tecnologia
fue objeto de investigacion en el pasado y, gracias a desarrollos recientes, vuelve a ganar

interés entre las demas tecnologias renovables para la produccién de frio.

Los descubrimientos del estudio inicial conducen la tesis doctoral a enfocarse en una
innovadora combinacién de Enfriamiento Radiativo con Captacion Solar Térmica, una
tecnologia consolidada, con fines de rentabilidad y operacionales. Esta combinacion de
tecnologias renovables en un dispositivo fisico se mencionara Colector y Emisor
Radiativo (RCE, siglas en ingles de Radiative Collector and Emitter), basandose en la
importancia de la radiacion electromagnética en el balance de calor en esta

tecnologia/dispositivo.

Después de detectar las condiciones climaticas deseadas para facilitar la amplia
implementacion de RCE en edificios, la tesis doctoral sigue con el disefio, desarrollo y
caracterizacion 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 parametros maés influyentes de las

aplicaciones RCE.

Vi
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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.

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

related CO, 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.

BUILDINGS SECTORENERGY USE BY SERVICE WORLD 2017

Household appliances and others
8.8%

Lighting
6.3%

Space heating
38,9%
Cooking
19,6%

Space cooling Domestic h:lt water
6,0% 20,4%

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 CO, 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 OK 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).

SOLAR RESOURCE MAP

GLOBAL HORIZONTAL IRRADIATION @) worioeancerove - ESMAP LARGIS

Long-term average of global horizontal irradiation (GHI)
Daily totals: 22 26 30 34 38 42 46 50 54 58 6.2 66 70 74
il KWh/m’
Yearly totals: 803 949 1095 1241 1387 1534 1680 1826 1972 218 2264 2410 2556 2702

i g { ok funded by ESMAT . Sy ! - please visit hitp;//globalsolaratlas.info

SOLAR RESOURCE MAP
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o KWh/m’
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http://globalsolaratiasinfo

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).

reflected by
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X atmosphere surface
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solar radiation
340.4
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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 7-14um, 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).

Outer space

Psolav P rad

Atmosphere

4 Patm

' conv + cond

Figure 5 - Heat transfer balance on a radiative cooling surface

Radiative cooling surface

From the radiative balance (Eg. 1), three fluxes are depicted: solar radiation (Psolar),
incoming radiation from the atmosphere (Pam) 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.

rad _ . _ .
Eq' 1 l:)net = Frad = ®solar l:)solar OR Patm
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Where:

aso1qr Radiative cooling surface absorptivity in the solar band [-].
a;r  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 Ry=¢-0-Tg,

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

emissivity (&sky):

Eq3 RlZSSky‘O"T;
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Where:

R,  incoming infrared atmosphere radiation (P, in Eq. 1)
e  blackbody emissivity
o  Stefan-Boltzmann constant

Tsy  effective sky temperature

&sky  effective sky emissivity

T, 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 um) 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

10
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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/m? [25]).

Recently, a commercial product for day-time radiative cooling can be found in the market

11
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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.

12
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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:

13

VI.

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.

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.

To analyse the technical feasibility of RCE worldwide implementation by
comparing its energy production to the energy consumption of different
building typologies.

To develop a numerical model of an RCE device to simulate its behaviour
based on its dimensional parameters and external/climatological
parameters.

To experimentally test an RCE device with real working conditions to
evaluate the system’s operation and to validate the numerical model with
data.

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:

Chapter 1. Introduction

Chapter 2. Objectives

Chapter 3. Methodology and PhD thesis structure

Chapter 4. (Paper 1)
Radiative cooling as low-grade energy source: A literature review

Chapter 5. (Paper 2)
Energy Savings Potential of a Novel Radiative Cooling and Solar Thermal Collection
Concept in Buildings for Various World Climates

Chapter 6. (Paper 3) Chapter 7. (Paper 4)
A new flat-plate radiative cooling and Combined Radiative Cooling and Solar
solar collector numerical model: Thermal Collection: Experimental Proof
Evaluation and metamodeling of Concept

Chapter 8. Conclusions

Figure 6 - PhD thesis structure

e Chapter 1 introduces the reader to the PhD thesis topic, from global sustainability
problems to specific renewable energy-savings technology.

o Chapter 2 presents the objectives defined for this PhD thesis going from general
to more detailed and specific objectives.

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

thesis.

14
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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.

15

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.

e 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.

e 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.

e 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.

16
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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

17
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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.

18
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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 | and Il (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 1l 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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Radiative cooling is a technology intended to provide cooling using the sky as a heat sink. This technology has
been widely studied since 20th century but its research is scattered all over the literature, requiring of a review
to gather all information and a state-of-the-art. In the present article, the research has been classified in: (1)
radiative cooling background, (2) selective radiative cooling, (3) theoretical approach and numerical simula-
tions, and (4) radiative cooling prototypes. Even though this is a low-grade technology it can dramatically
reduce the energy consumption, since it is renewable and requires low energy for its operation. However, new
functionalities of the device, apart from radiative cooling, are required for profitable reasons. Some
recommendations extracted from the literature to improve the efficiency of radiative cooling are: to use a
cover to achieve low temperatures, to use water instead of air as heat-carrier fluid, and to couple the device with
heat storage. Finally, further research should be focused in the development of new materials with improved
radiative properties, the measurement of incoming infrared atmospheric radiation and/or new technics to

predict it, and the evaluation of new device concepts.

1. Introduction

The environmental awareness is growing fast nowadays with special
attention to the energy consumption and environment preservation.
Regarding to energy consumption, the building sector can contribute in
a remarkable way in achieving the transition to a less energy intensive
system. There is huge potential in reducing energy consumption with
profitable measures that reduce the economic and environmental costs.
The energy consumption of buildings represents 40% of total energy
consumption in the European Union [1], where space conditioning of
buildings represents almost half of the building energy consumption.

For space conditioning, especially in hot climate countries, most of
the buildings use reversible heat pumps which consume a large amount
of electrical energy. New legislations consider electrically driven heat
pumps as a renewable source of energy when they achieve seasonal
average efficiencies higher than SCOPyr>2.5 [2,3], since they take
advantage of the air temperature to reduce electrical consumption.
However, there are other renewable sources that further reduce the use
of non-renewable energy, since they can achieve the required tempera-
ture level with no or very low electrical use. Solar energy is one of the
most widely studied sources; however, its use for cooling is limited by
the implementation of absorption heat pumps.

Another technology that has been studied in order to provide
cooling and displace the use of heat pumps is radiative cooling. This
technique is based on emitting long-wave thermal radiation from a
terrestrial body toward space through the infrared atmospheric window
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between 8 and 13 um wavelengths. The atmosphere infrared window is
the dynamic behaviour of earth’s atmosphere that allows some infrared
radiation pass through the atmosphere without being absorbed and,
thus without heating the atmosphere.

It is known that a body emits electromagnetic radiation in a
wavelength range depending on its temperature. At ambient tempera-
ture most of the radiation is emitted in the infrared spectrum.
Radiative cooling technique uses these properties to generate a cooling
net balance between the emitted thermal radiation from the terrestrial
surface and the received from the atmosphere.

Using this technology for cooling purposes will dramatically reduce
the energy consumption; depending on the case, the energy consump-
tion can be zero or just the energy consumed by a small pump running
on the operating hours. The performance of the radiative cooling
technology is affected by the physical properties of the device and also
by the surrounding conditions. Therefore, special attention must be
paid to materials and environmental conditions.

From early 20th century, several authors have worked on the field
of radiative cooling. However, in the present all the information is
scattered in the literature, making it difficult to identify new research
opportunities. Although Lu et al. developed a practical review of
radiative cooling [4], they focused in passive radiative cooling in
buildings, and they did not include detailed information about the
phenomenon and the studied materials for radiative cooling as well as
the radiative cooling devices and models. Therefore, there is a clear
need to compile and structure all this information. For that reason, this
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Nomenclature

Symbol Description Equation where appears Variable adapted

At maximum day length (h) 24

Ae correction factor to take into account the day-night and
seasonal variation (-) 24

Ag, pressure correction factor (-) 19, 20

Agy, diurnal correction factor (-) 17, 18, 19 Ae in [23].

A factor that takes into account the variation of the emis-
sivity 24

clf cloud fraction term (-) (see [38]) 41

C, specific heat of the fluid (J-kg~"-K~") (see [115]) 52

ey partial pressure of water vapour (mbar). 4, 5, 6, 9, 10, 11,
12, 25, 26, 29, 30, 31, 32, 33, 40, 41, 42, 44,45 e in [5,9—
12,29.38,42,43], ¢, in [39].

gl e, and 5 parameters to compare radiative cooling selective

materials (see [45]) (-) 49, 50, 51
f factor that takes into account the delay of the emissivity
cycle in relation to the solar cycle (-) 24

Jais fraction of black body radiation emitted through the
infrared window by layer “i” (-) 37

F collector efficiency factor (-)(see [115]) 52 F* in [115].

H relative humidity (%), 14

I spectral radiance of a blackbody (W-m=3) 49, 50 W in [45].

k empirical coefficient depending on the cloud type, to be
defined in the original paper (-) 34

K (1),L(t) correction factors (see values in [25]) 23 K (H), L(H) in
[25].

Ko daily clearness index (-) (see [37]) 40

m mass flow rate (kg-s~") (see [115]) 52

n number of parallel tubes (-)(see [115]) 52

Py atmospheric pressure (mbar) 20 P in [24].

R effective outgoing infrared radiation from a surface on
earth (W-m™) 1, 34 L in [5], Ry in [33].

Ry infrared radiation emitted by a surface on earth (W-m~2)
normally calculated using Stefan-Boltzmann law 1 7; in
[51.

R, infrared radiation from atmosphere, absorbed by a sur-
face on earth (W-m2). 1, 35, 37 Ry in [35], Rjq. in [36], LW,
in [38], I, in [5].

Rio infrared radiation from atmosphere under clear sky con-
ditions (W-m~2) 7, 35, 37, 45 I, in [5], E, in [9,10,33],R in
[11,14,15], Ry in [18], F, in [29], F}y, ., in [27], Rip in
[19], F in [31], R, in [35], Ry in [36], LW, in [39].

Ry effective outgoing infrared radiation under clear-sky con-
ditions (W-m~2) 34, 43 R in [33].

s ratio between the measured solar irradiance to the clear-
sky irradiance (-) 41

S absorbed solar radiation per unit area (W-m=2) (see [115])
52

SCOPy; estimated average seasonal performance factor of electri-

cally driven heat pumps (-)
t time of the day (hour) 18
approximate hour of sunrise in solar time (hour) 24

[t (A)/t,y] and b empirical parameters (see [46]) (-) 48

T ambient dry bulb temperature (K). 3, 7, 8, 9, 10, 11, 12,
23, 30, 31, 32, 33, 40, 41, 42,52 T in
[5,11,14,15,31,38,39,43], T, in [18], T in
[19,20,27,29,30].

Tycorrecied cOrrected ambient dry bulb temperature (K) 23

Ti cloud temperature of layer “i” (K) 37 T; in [35].

Ty dew point temperature (°C) 15, 16, 21, 22, 23, 27, 28 1, in
[25].

T surface temperature (K) 49, 50

Ty temperature of the fluid at the desired point (normally the
outlet fluid temperature) (K) (see [115]) 52

Ty inlet fluid temperature (K) (see [115]) 52

Ty effective sky temperature (K) 2, 40, 45 7; in [37].

u, v empirical parameters with different values depending on
the different cloud types (-) (see [36]) 39

U collector overall heat loss coefficient (W-m=2K~') (see
[115]) 52

w distance between parallel tubes (m) (see [115]) 52 W in
[115].

w fractional area of sky covered by clouds (-) 34, 35, 36, 38,

39 A/A; in [34,35], N in [22], n in [24], m, in [36].
y tubes length (m) (see [115]) 52
Z altitude above sea level (km) 14
a, f. y.a, b empirical coefficients, to be defined in the original
paper (-) 4, 5, 45

Y parameter to take into account humidity (see [42]) 43, 44

It factor depending on the cloud base temperature (-) (see
[24]) 38

[ effective sky emissivity (-) 3, 35, 36, 38, 39, 41, 42, 47, 48

¢ in [22,24,38].

effective sky emissivity under clear sky conditions (-) 4, 5,

6,7,8,9,12, 14,15, 16,17, 19, 21, 22, 25, 26, 27, 28, 29,

30, 31, 32, 33, 35, 36, 38, 39, 48 ¢, in [7,20,29], &in

[22,24], ey, in [8,28], £ in [5,23,25], &4 in [19], € in [38],

¢, in [45], in [46].

e105-1250 and eg_ 3o effective sky emissivity for the wavelength rage
showed, under clear sky conditions (-) 10, 11
£105-12.5 and eg_130 in [20].

Esky,0

Ecloud.i emissivity of cloud layer “i” (-) 37 ¢ in [35], ¢ in [24].

Ecoudy sy €Quivalent sky emissivity with entirely cloudy sky 36 A in
[22].

0 zenith angle (rad) 43, 45, 46, 47, 48 z in [5,42,43].

i wavelength (um) 46, 47, 48

& parameter to take into account humidity and ambient
temperature (see [30]) (g-em™2) 31

c Stefan-Boltzmann’s constant: 5.6704-10-%(W-m~%K~%) 2, 3,
33, 37, 45

» reflectivity (-) 49, 50 R in [45].

% parameter to take into account humidity and ambient
temperature (see [31]) 32

78 transmittance of the atmosphere in the infrared window

() 37

paper reviews all different aspects of radiative cooling, such as the
environmental conditions affecting the phenomena, the selection and
development of materials, the analytical and numerical methods, and
the experimental prototypes.

2. Radiative cooling background

Radiative cooling is the thermal process by which a body loses heat
by emitting long-wave radiation to another body at lower temperature.

21
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Referred to buildings, radiative cooling is a passive cooling technique
which uses thermal radiation properties to cool a body or part of a
building facing a colder surface such as the sky. This cooling process
occurs when a surface presents a cooling net balance between the
emitted and the absorbed radiation, considering also convection and
conduction between the surface and the surroundings. With this
technique, temperatures below ambient temperature can be achieved.
The effective outgoing infrared radiation from a surface on earth (R) is
defined as the difference between the infrared radiation emitted by this
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surface (R;) and the infrared radiation from the atmosphere absorbed
by this surface (&) (Eq. (1)) [5]:

R=Ri-R, ®

The spectral distribution of the radiation emitted by the clear sky
atmosphere is similar to a blackbody’s one at ambient dry bulb
temperature but with a gap in the spectral region between wavelengths
8-13 pm. This gap is known as “infrared atmospheric window”.

Research has been conducted in order to determine and analyse the
infrared atmospheric window while analysing the atmospheric infrared
radiation [6]. The spectral location of the infrared atmospheric window
corresponds to the spectrum where most of the terrestrial surfaces emit
with its maximum intensity.

2.1. Infrared atmospheric radiation

Atmospheric radiation originates from gases that compose the
atmosphere such as water vapour, carbon dioxide, ozone, and other
asymmetrical molecules. 90% of the total infrared atmospheric radia-
tion received at ground level comes from the first 800-1600 m above
the surface [5]. The main gases involved in infrared atmospheric
radiation at ground level are water vapour and carbon dioxide, being
water vapour the major contributor [7]. Analysing the radiative
properties of these gases can be seen that the atmosphere spectrum
in the 8-13 pm band (infrared atmospheric window) is very transpar-
ent under clear sky conditions [8].

These dynamic properties of earth’s atmosphere make the atmo-
sphere an interesting heat sink to eliminate heat excess. As the
atmosphere does not act like a blackbody emitter, it is difficult to
predict its behaviour although the physical phenomenon can be
physically described as it was presented in [4]. Therefore, for engineer-
ing purposes, it would be interesting to measure and/or predict the
incoming infrared radiation from the atmosphere on a surface facing
the sky.

This data can be measured with specific equipment or predicted
with some empirical correlations. When the incoming infrared radia-
tion from the atmosphere is known, there are two methods to express it
in an understandable and simple form:

1. To assume the sky acting as a blackbody emitter (effective sky
emissivity ¢y,=1) at an effective sky temperature (7y,) which equals
the incoming infrared radiation from the atmosphere based on the
Stefan-Boltzmann law (Eq. (2)):

)

2. To assume the sky having the ambient dry bulb temperature(7;,) with
an effective sky emissivity (e4,) which equals the radiation coming
from the atmosphere based on the Stefan-Boltzmann law (Eq. (3)):

4
R, = 0-Tgy=Tay

(2)

R

. 4.
Ry = eyyoTi—egny = —
o T,

(3)

These two methods simplify the way the incoming infrared radia-
tion from the atmosphere is quantified for engineering calculations.
However, the incoming infrared atmospheric radiation is not com-
monly measured in meteorological stations; therefore, correlations
must be elaborated to connect measured simple meteorological para-
meters to the infrared atmospheric radiation.

There are two types of methods to estimate the incoming infrared
radiation from atmosphere under clear sky conditions [8]. The first
type is based on direct measurements of the atmosphere radiation
spectrum or sky irradiance. These empirical methods use measure-
ments of the incoming infrared atmospheric radiation to generated
suitable correlations. The second type consists on analysing the profiles
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of atmospheric constituents to calculate their spectral atmospheric
radiation based on radiative properties of the gases. Although more
rigorous, this second type is more complex, and detailed information
on the state of the atmosphere is needed, such as pressure, temperature
and density variation with altitude, concentration profiles and spectral
absorption coefficients of the gases.

2.1.1. Clear sky correlations

Making a proper estimation of the incoming infrared atmospheric
radiation is important for modelling and engineering purposes.
Although estimations never adapt perfectly to the reality, neither clear
sky is the most common condition depending on the weather; however
they can be enough accurate as a first approach. In this section,
different correlations for clear sky conditions are presented and
reviewed, distinguishing between empirical and detailed correlations.

2.1.1.1. Empirical correlations. Empirical correlations are based on
total atmospheric radiation measurements made with a pyrgeometer. A
pyrgeometer is a device that measures downward atmospheric long
wave radiation. In some measurements a spectral radiometer was also
used to calibrate the pyrgeometer and also to detect the presence of
clouds.

However, these measurements do not provide any spectral infor-
mation of the incoming infrared atmospheric radiation. This is a simple
way to estimate the incoming infrared atmospheric radiation but it
cannot be enough accurate for some calculations, especially when
spectral information is required.

First works providing a correlation were presented by Angstrom
[9,10] and Brunt [11], relating sky emissivity to the partial pressure of
water vapour (Egs. (4) and (5)). Both correlations are based in clear-
sky atmospheric radiation values measured in specific locations
(Algeria and California).

Elyo = @ — ﬂ-lU’V"‘Oa(Angslrbm)

()
(5)

These expressions require the calculation of some empirical coeffi-
cients (a, b, a, . y) which are somewhat variable and depend on the
geographical region. Later works calculated empirical coefficients for
Angstrom’s and Brunt’s equations considering different meteorological
and geographical conditions. A compilation of theses coefficients can be
found in Elsasser [12] and Kondratyev [13], where significant dis-
crepancies can be seen in the coefficients found for different locations.

Later on, Elsasser concluded that the sky emissivity has a logarith-
mic relation with the partial pressure of water vapour [12], developing
a new correlation (Eq. (6)).

£4y0 = 0.21 + 0.22:In(ep)

Egy0 = a + b Jeg—(Brunt)

(6)

While the previous correlations to estimate the incoming infrared
atmospheric radiation depend on the partial pressure of water vapour,
later works use ambient temperature as the main parameter.

Swinbank [14] conducted a reassessment of previous work pub-
lished in [9-11] on the attempt to avoid local specificity of the
correlation coefficients (as demonstrated in [12]) and proposed alter-
natively a correlation that only depends on ambient temperature,
showing the low influence of humidity at low level stations (Eq. (7)).

)

From original equation it is readapted to have it in function of & o.

Swinbank’s correlation [ 14| attempted to be general. However, Idso
and Jackson [15] stated that, based on new findings, Swinbank’s
correlations were not general. Therefore, they attempted to relate
atmospheric radiation to ambient temperature to a universally applic-
able correlation which should be valid for any air temperature reached
on earth and for any latitude (Eq. (8)). However, in a following work

R =5.31-10" T8> ey 0 =9.35-1076.72

22
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[16], Aase and Idso concluded that below 273 K this correlation
overestimates the total effective emissivity.

-4, 2
o = | — (0.261.¢77771074@73.15-T,%)

(8)

In 1983, Hatfield et al. [17] concluded that correlations models
which only use ambient temperature [14,15] do not estimate properly
the effective emissivity over wide geographical areas. They concluded
that these models are too specific for a location because they assume a
relationship between ambient temperature and partial pressure of
water vapour in their empirical constants. From here on, authors
developed correlations which depend on both ambient temperature
and partial pressure of water vapour.

Satterlund [18], based on experimental measurements from litera-
ture, proposed a new correlation to take into account both ambient
temperature and vapour pressure (Eq. (9)). This correlation presents
improvements on estimating the incoming infrared atmospheric radia-
tion over a wide range of temperatures, particularly at low tempera-
tures where most of the formulas perform poorly for air temperatures
below freezing. This model has also probed to perform better when
compared to two other models [15,19] (see Detailed Method section).

oJul2016

&xyo = 1.08-(1 — ¢ ) 9

Idso [20] performed an experiment at Phoenix, Arizona (USA) to
obtain measurements of the total incoming infrared atmospheric
radiation and proposed two correlations for different wavelengths
(10.5-12.5 um in Egs. (10) and (8)—(13) um in Eq. (11)) and another
one for the whole range (Eq. (12)). The three correlations depend on
the temperature and the partial pressure of water vapour.

€05-1250 = 0.1 + 3.53:10 %5200 a (10)
£5-130 = 0.24 + 2.98.1078.¢7-£3000 T (11)
&ryo = 0.7 + 5.95:107.¢p-¢'30Ta (12)

Andreas and Ackley [21] proposed a modification of Eq. (12) to be
used at the Arctic and the Antarctic where the concentration of aerosols
in these remote areas is lower.

£y0 = 0.601 + 5.95:107%.¢pe!50 T (13)

From here on, authors started to use other parameters such as
altitude, dew point temperature, relative humidity, and ambient
pressure in their correlations, trying to predict in a better way the
incoming infrared atmospheric radiation.

Centeno [22] proposed a clear sky emissivity correlation based on
measurements from the literature and his own measurements at
Venezuela. This correlation takes into account the altitude, the ambient
temperature and the relative humidity (Eq. (14)). To develop this
correlation the author forced the correlation to be constituted by the
product of three functions, each dependant of a parameter.

Egy0 = [5.7723 + 0.95550. 60177]-T, *H0 065,10~ 14 14)

Berdahl and Fromberg [8], based on their own measurements at
three USA cities (Tucson, Arizona; Gaithersburg, Maryland; and St.
Louis, Missouri), proposed two different correlations to estimate the
sky emissivity: one for night-time (Eq. (15)) and one for day-time (Eq.
(16)). These correlations only depend on the dew point temperature.

Exyo = 0.741 + 0.0062-Ty, (night) (15)

Euyo = 0.727 + 0.0060-Ty, (day) (16)

Later on, Berdahl and Martin [23] corrected a previous work [8] by
using more measurements (also in USA: San Antonio, Texas; West
Palm Beach, Florida; and Boulder City, Nevada) and proposed a new
correlation (Eq. (17)) with a diurnal correction factor (Eq. (18)).
Finally, Martin and Berdahl [24] further extended their correlation
by adding a pressure correction factor (Egs. (19) and (20)).

23
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T Ty Y
ano = 0.711 + 0.56 —2 1+0.73{ =2 | + A&,
d 100 100 17

Aey = 0.013-cos[@)

24 18)
s = 0711 + 056 22} + 075 22 :+AL'+AL'
B s “MT00) " oo s (19)
Aé, = 0.00012-(Py—1000) 20)

Berger et al. [25] based on measurements at Carpentras, France
proposed a night-time correlation that depends on the dew point
temperature (Eq. (21)). Moreover, they also proposed a correlation for
the whole day (Eq. (22)), where the ambient temperature must be
corrected (Eq. (23)) in order to include annual and diurnal effects.

&y.0 = 0.770 + 0.0038-T;, (night) 21
gy,0 = 0.752 + 0.0048-T;, (allday) (22)
Tacorrectea = Tut K (O+L(0)-(Ty—To) (23)

Alados-Arboledas and Jimenez [26] proposed a deviation correc-
tion factor (Eq. (24)) to take into account the day-night and seasonal
variation of the effective emissivity based on measurements in
Granada, Spain. This correction factor was tested in Egs. (12) and
(5), being Eq. (12) the one with better results.

] —(L]]I' + IS + At
At

Ae = Assinz
At

(24)
The parameters in Eq. (24) should be calculated according to the
region and the season.
Niemeli et al. [27], based on measurements at Sodankyl4, Finland,
proposed two correlations (Egs. (25) and (26)) for cold and dry weather
conditions which only depend on the partial water vapour pressure.

(€622)— 0 = 0.72 + 0.009-(¢—2) (25)

(e0<2)—&py0 = 0.72 — 0.076-(ep—2) (26)

Tang et al. [28], based on measurements at Negev Highlands,
Israel, proposed a correlation (Eq. (27)) for warm and dry weather
conditions which only depend on the dew point temperature.

£4y0 = 0. 754 + 0. 0044.T;, ©27)

Empirical correlations are designed to make estimations of the
incoming infrared atmospheric radiation from the atmosphere in an
easy way. A tendency to use the simplest atmospheric parameters that
allow a proper estimation is observed. However, there is no agreement
in which parameters are better. From the literature, the importance of
the atmospheric humidity and the ambient temperature is demon-
strated to provide a good regression. Nevertheless, using just one or
two parameters does not allow the correlation to be applicable at any
location. Therefore, most of the correlations above are valid for specific
locations and their empirical coefficients should be recalculated for new
locations. Last tendencies are to provide correlations easy to use and
location dependant.

It is also important to highlight that the difference in the correla-
tions which use the same parameters is on the mathematical model
that the authors choose to adapt the physical phenomena. Some of
them are based on physical properties while others are based in a
statistical approach.

2.1.1.2. Detailed method. Detailed methods are based on radiative
properties of the gases that compound the atmosphere and on their
concentration. They can provide a rigorous estimation of the incoming
infrared atmospheric radiation, although they need detailed
information. There are three methods: using the gas transmittance to
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estimate the atmospheric emissivity; using an accurate radiative-
transfer models/modelization (LOWTRAN, MODTRAN, SBDART);
and using a flux emissivity model.

Based on theoretical concepts of gas emissivity and empirical
correlations for gas properties, Bliss [7] obtained sky emissivity values
with the only dependence of dew point temperature (Eq. (28) created
from data in [7]):

£yy0 = 0.8004 + 0.00396-T, (28)
Staley and Jurica [29] proposed a correlation (Eq. (29)) based on

the analysis of the radiation properties of water vapour, carbon dioxide
and ozone.

Edy0 = 0.67-08‘08 (29)

Brutsaert [19], based on analytical correlations of atmosphere
parameters, proposed a sky emissivity correlation (Eq. (30)) which
depends on the vapour pressure and the ambient temperature. Below
273 K this correlation underestimates the total effective emissivity
[16].

£ty = 1.24-(eo/ T (30)
Prata [30], based on an emissivity model, proposed a correlation

Table 1
Summary of clear-sky correlations.

R, ble and S

ble Energy R s 77 (2017) 803-820
(Eq. (31)) which depends on ambient temperature and partial pressure
of water vapour. This model has been tested with experimental
measurements from several locations and has also been assessed by
using radiosonde profiles and an accurate radiative-transfer model
(LOWTRAN-7) to find the coefficients. The model has also been
compared to five previous models [14,15,18-20] showing a better
performance.

e =1=(1 - §e 12 £ 46‘5{%] ity

Dilley and O’Brien [31], based on parameterization of physical
processes and using a computer software model (LOWTRAN), pro-

posed two correlations (Egs. (32) and (33)) which depend on ambient
temperature and partial pressure of water vapour.

T, [ (e
. |
fpo = 1 — €160 £ =232 — 1.875| —* | +0.7356 /18.6|
’ 273. 15 \ T,
(32)
i T S
Eay0 = — 59.38 + 113.7{ ——2—| +96.96 |18.6[ =2
LY 273.15 \ T, (33)

The detailed method can provide good estimations of the incoming

Authors Clear-sky correlations Equation
Angstrém [9,10] Egy.0 =@ = 10770 4
Brunt [11] &y =a + b ey 5
Elsasser [12] Ety.0 = 0.21 + 0.221n(ep) 6
Bliss [7] £1y,0 = 0.8004 + 0.00396T;, 28
Swinkbank [14] £i0 = 9.35-1076.72 7
Idso and Jackson [15] fky0 = 1 — (0261~ THO 315 T 8
Staley and Jurica [29] B 0.67@},"0“ 29
Brutsaert [19] Eky0 = 1.24-(eo/ Ty 30
Satterlund [18] 142016 9

£y = 1.08] 1 — €0
Idso [20] k0 = 0.7 + 5.95-105.¢¢.£ 1500/ Ta) 12
Andreas and Ackley [21] 540 = 0.601 + 5.95-1075.¢0-¢!500/Tu 13
Centeno [22] g0 = [5.7723 + 0.9555-(0.6017)7)-T1 893 00665, 10~ 14 14
Berdahl and Fromberg [8] £aky,0 = 0.741 + 0.0062T, (night) 15,16

Eyty0 = 0.727 + 0.0060T, (day)
Berdahl and Martin [23] 1 1} 17,18

Ey,0 =0.711 + 0,55( ; £ ]+o.73( : (; ) +Agy

py = os| 22
Agy =0.013cos oy

Martin and Berdahl [24] Ty ) 19, 20

0 =0.711 + 0.56[ l:;) )+0.73(l m") +Ag+Ace,

Age = 0.00012(Po—1000)

Berger et al. [25] £4ky,0 = 0.770 + 0.0038-Ty, (night) 21,22

&ty,0 = 0.752 + 0.0048-Ty, (all day)
Alados-Arboledas and Jimenez [26] s=wils 24

Ae = Asinz —(—)

ar \ar

Prata [30] — 31

G0 =1— (1 — HeVI2H3¢ £=46. 5-[;")

i
Dilley and O’Brien [31] - o 32,33
- — 1. = I} e
Egyo=1— 1667 7=2237 1,875(:7;_'|5)+ 0.7356V |s.6[7—")
apo = —)59.38 + 113, 7{ =2\ +96. 96 18, (2
aky,0 e i AN B T

Niemeld et al. [27] (e0=2)=&sky.0 = 0.72 + 0.009-(e9—2) 25, 26

(ep<2)—¢y.0 = 0.72 — 0.076-(ep—2)
Tang et al. [28] £y = 0.754 + 0.0044-T, 27
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infrared atmospheric radiation. However, this method requires de-
tailed information about atmosphere composition. It has been con-
firmed that radiative transfer modelling produces better results than
previously published simple parameterizations based only on surface
measurements [32].

There is a lack of comparisons between different correlations in the
literature. There just exist few articles comparing correlations [18,30].

It is also important to highlight that measurements are sporadically
made and not very regular in time and location. So this means that it is
difficult to get available data that fits a specific climate.

Clear-sky correlations are a first approach, although they do not
represent the common scenario. Moreover, most of the correlations do
not provide real-time values but average values. Table 1 presents a
summary of the correlations found in the literature for clear-sky
conditions.

2.1.2. Cloudy sky relations

Clear sky conditions do not happen all the time. The presence of
clouds increases the incoming infrared atmospheric radiation com-
pared to clear sky conditions. This is because clouds act like a
blackbody emitter supplementing the waveband the atmospheric
emission lacks of. Any cloud which is visually opaque can be considered
as a blackbody emitter at the temperature of the cloud base [7] and its
radiative effect is to close the infrared atmospheric window. Thus, clear
sky correlations must be modified to adjust the cloudiness.

According to its own observations, Angstrém [33] proposed a
relation to take into account the cloudiness (Eq. (34)).

R = Ro-(1 = kW) (34)

Eq. (34) is a cloud correction relation which is being applied to the
emitted radiation from the earth surface, and also to the incoming
infrared atmospheric radiation. A more logical relation has been
proposed by Bolz [34]. This relation (Eq. (35)) takes into account the
cloudiness of the sky only on the incoming infrared atmospheric
radiation.

Ry =Ry o(1 + kW)>egy = £g0(1 + kW?) (35)

Centeno [22] proposed a correlation to estimate the clear-sky
emissivity (Eq. (14)) and also a relation to get the effective sky
emissivity bearing in mind the cloudiness (Eq. (36)).

(36)

&y = Exky.0 + WelEitoudysty — Eky,0)

Kimball et al. [35] developed a method that assumes that the cloud
radiation is transmitted through the air only at the infrared atmo-
spheric window. The model (Eq. (37)) takes into account the informa-
tion obtained from every cloud layer.

Table 2
Summary of cloudy-sky correlations.

R ble and S: ble Enerqgy R s 77 (2017) 803-820

N
Ry =R, o+ Z 75 |’Vi£'r1um/_ifs_,- UTﬁ,-
i (37)

The authors also proposed a series of correlations to calculate these
parameters.

Martin and Berdahl [24] proposed a relation that takes into account
the cloud emissivity and the cloud-base temperature (Eq. (38)).

&ty = Egy.0t(1 = &y 0) WeelioualT

(38)

Sugita and Brutsaert [36] proposed new and more accurate values
(Eq. (39)) for parameters of a previous correlation (Eq. (35)).

Ry =Ry o(1 + W) >egy = egyor(] + u-W") (39)

Aubinet [37] proposed a correlation to estimate the effective sky
temperature that takes into account the clearness index (Eq. (40)).

Ty =94 + 12.6:In(e)— 13-Ko+0.341-T, (40)

Crawford and Duchon [38] improved a previous correlation [19]
(Eq. (30)) to take into account the annual variation between dry and
wet season and also proposed a relation for estimating the effect of
cloudiness (Eq. (41)).

, p . n €y _l’
&gy = clf + (1 — clf)-[1.22 + 0.06-sin| (month + 2); =

a

(41)
cf =1-5

Sridhar et al. [39] modified a correlation from previous work [19]
(Eg. (30)) by calibrating it for different sites representing different
climatic and geographical conditions to make it valid for all sky
conditions (day and night; clear and cloudy) (Eq. (42)).

o 117
iy =1. 31(1—")

a

(42)

Note that in Eq. (42) ep must be used in mbar, in contrast to the
original reference, where it is used in kPa (introducing a conversion
factor in the equation).

Also, with overcast sky can be used previous presented radiative-
transfer models/modelization (LOWTRAN, MODTRAN, SBDART),
showing good agreement with pyrgeometer measurements [40]. Also,
this work shows that cloud base height should be measured and taken
into account.

All the relations that consider cloudy-sky just take into account the
long-wave radiation. Under cloudy conditions short-wave radiation is
reduced; however long-wave radiation is increased. Therefore, previous
equations are not suitable when short-wave radiation needs to be
calculated.

As proposed at the beginning of this section, some works conclude

Authors Cloudy-sky correlations Equation
Angstrom [33] R = Rp:(1 — kW) 34
Bolz [34] ety = Byl + kW) 35
Centeno [22 Esky = Esky, 0 W-(€cloudy sky—€sky,0) 36
Kimball et al. [35] Ry =Ry ot X tsWectoua.ify 10T2: o7
Martin and Berdahl [24] Esty = Esky0H (L — €y 0) WTEcioua 38
Sugita and Brutsaert [36] ety = Esky0r(l + W) 39
Aubinet[37] Ty =94 + 12.6:In(eq)—13-Ko+0.341.T, 40
Crawford and Duchon [38] 17 41
ep=clf + (1 — ('l/’)-I:I.ZZ + 0.06-:in( (month + 2);)](?))
Sridhar et al. [39] 42

17
e
A3‘,=1.31{12]

25
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that clear-sky correlations underestimate the incoming infrared atmo-
spheric radiation under cloudy conditions [36,38,41]. Also, in Table 2
is presented a summary of the correlations found in the literature for
cloudy-sky conditions.

2.1.3. Influence of the zenith angle/tilted surfaces/sky view factor

To maximise the effective outgoing infrared radiation, the radiator
should be placed horizontally, facing the sky. However, sometimes it is
desirable to install the radiator with an inclination, as for example to
allow drainage or because it is the inclination of the roof where it is
placed. The inclination of the radiator increases the incoming infrared
radiation at radiator surface. This increase in the incoming radiation is
mainly caused by the reduction of the sky view factor from the radiator
surface (therefore, the surface is facing the ground which acts more
likely to a blackbody), and also because the radiator’s surface is more
exposed to the “warmer” regions of the sky near the horizon (due to the
less “visual thickness” of the atmosphere in the zenith direction [6]
than in other directions).

As the effect produced by the variation of the view factor is easier to
estimate than the effect of being exposed to “warmer” zones of the sky,
research was mainly focused on finding simple expressions of the effect
of having the radiator surface exposed to “warmer” regions of the sky,
rather than the analytical expression of the phenomenon as presented
in [4].

Some of the authors tried to establish correlations to relate the
incoming infrared radiation or the effective outgoing infrared radiation
to the inclination angle or the zenith angle. To express the variation of
the net outgoing infrared radiation in relation with the zenith angle
Linke [42] found an expression (Eq. (43)) that adapts adequately to
measurements from literature.

Ro(0) = Ry(0)cos” & (43)

7 =0.11 + 0.0255-¢ (44)

In a similar way, Strong [43], based on its own measurements of the
angular dependence of clear-sky infrared radiation from the atmo-
sphere, readapted a previous formula (Eq. (5)) to take into account the
zenith angle (Eq. (45)).

R, 0(0) = (a+byegsec0)oT; (45)

Based on Egs. (43) and (45), and from experimental measurements
from the literature [5,42,43], it can be drawn that for angles smaller
than 45° the effect of the deviation from the zenith angle is not
significant (about 4—-6% error [44]).

Other authors made some effort on searching good expressions that
allow calculating the effect of inclination on the equivalent sky
emissivity.

Grangvist and Hjortsberg [45] proposed an expression to relate the
sky emissivity to the zenith angle (Eq. (46)), considering the atmo-
spheric transmittance proportional to the pathlength, which depends
on wavelength and zenith angle.

E0 (6, ) = 1 = [1=e4y,0(0°,)]¢ (46)

Eq. (46) relates the sky emissivity at zenith angle to any sky
emissivity at any angle from the zenith, showing good agreement in
the atmospheric window range when compared to LOWTRAN data
(Fig. 1).

As Eq. (46) performs well in the infrared atmospheric window, the
“box model” was proposed [45], which consists of dividing the infrared
range in three parts where each part has an emissivity according to Eq.
47).

Ey0(0)=1 3<i<8um
Eiy0(0, 2) = S £400(0) = 1 — [1=£4y0(0)]/¢>¢ 8<i<13um
Egy0(0)=1 13<A<50pm @7
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In a similar way, Martin and Berdahl [46] measured and studied
the spectral and angular dependence of the sky radiation. Considering
the atmospheric transmittance proportional to the pathlength and also
making some approximations, they proposed a correlation (Eq. (48))
that relates the equivalent sky emissivity with the zenith angle and the
wavelength.

8y 0(6, ) = 1= (1 = g3, 0) [t (A) /15 ] 01T~ 1Veos D) (48)

Due to the low influence of zenith angle for small angles and the
difficulty to calculate accurate correlations, no extended research had
been conducted in this issue.

2.2. Radiative cooling potential (resource)

Radiative cooling as a technology is considered new and little
tested. Before evaluating any device, the energetic and economic
potential of the technology should be analysed. The main factors that
determine whether to use this technology are the weather (meaning by
weather the atmospheric conditions), and the cooling requirements of
the building in the particular location. All work done until date is
limited to taking into account the weather, but omitting the cooling
requirements.

In the early research, Atwater and Ball [47] computed values of
infrared atmospheric radiation from 11 USA meteorological stations
(continental/subtropical climates) to create a model to estimate the
average sky temperature. They also created some contour maps with
the areal distribution of the sky temperature and the temperature
depression (difference between ambient temperature and sky tempera-
ture) for each season, showing temperature depressions between
6—18°C, Later on, Martin and Berdahl [24] calculated the radiative
cooling potential in the USA using their own model. They presented
some average monthly temperature depression maps, percentage maps
(showing sky temperature below 16°C) and temperature depression
histograms to characterise the radiative cooling resource. These results
show up some climates to be more suitable to use radiative cooling than
others, as for example Fresno’s (California) climate.

The radiative cooling potential of a tropical country as Thailand,
has also been analysed. Exell [48] used two methods to determine the
potential in Thailand. The first method uses empirical correlations
previously shown (Egs. (8) and (34)), while the second method uses a
theoretical equation of radiative transfer for atmospheric radiation
[13]. Results show effective sky temperatures about 8°C below mini-
mum daily temperature, demonstrating the potential of radiative
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Fig. 1. Spectral emittance of the atmosphere for three zenith angles as obtained from the
radiance data computed from a LOWTRAN model [45].
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cooling to provide some of the cooling demands. Moreover, Hanif et al.
[49] performed an analysis of the radiative cooling potential for
Malaysia. They attempted to get a correlation to relate the radiative
cooling power and the temperature depression by using climate data
from 10 different locations. The study found that the potential savings
in Malaysia due to radiative cooling are up to 11% of cooling energy
consumption.

Exploring another typology of climate, Pissimanis and Notaridou
[50] calculated the radiative cooling potential in Athens (Subtropical/
Mediterranean) during summer using the model proposed by Atwater
and Ball [47]. Their results were corroborated with 7 years of
measurements and 2 empirical correlations (Egs. 5 and 8). In the
same way, Argiriou et al. [51] calculated the radiative cooling potential
also in Athens, using 12 years of hourly weather measurements.
Argiriou et al. (1994) used Berdahl and Martin [23] model to calculate
the sky emissivity. They presented sky-temperature depression histo-
grams, cumulative frequency distribution of the stagnation tempera-
ture graphs, and cumulative frequency distribution of the outlet
temperature with or without wind screen graphs, concluding that the
location is suitable to apply radiative cooling techniques.

After initial research in assessing radiative cooling potential, Burch
et al. [52] presented a new insight by taking into account the energy
demand coverage of a standard building when assessing radiative
cooling potential in a specific location. It was used a model to predict
the energy production and energy demand coverage, space heating and
cooling and domestic hot water, for a building located in Albuquerque,
Madison and Miami (USA). Overall results of energy demand coverage
and money savings were presented for each city.

Very little is done in evaluating the potential of the technology and
also very few climates had been evaluated. More research is needed to
evidence which climates are meaningful to implement this technology
according not just to the weather conditions but also to the cooling
requirements.

In conclusion, a world climate analysis should be performed in
order to determine where this technology may be implemented and
how well can it perform. However, as radiative cooling is a new
technology, some parameters should be standardized.

3. Selective radiative cooling

The net thermal balance between a terrestrial surface and its surround-
ings determines the surface temperature. Radiative cooling takes into
account radiative properties of the atmosphere to generate a net cooling
thermal balance. To take advantage of the infrared atmospheric window,
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some authors proposed the use of selective materials with specific optical
properties, in order to achieve lower surface temperatures by emitting
mainly in the infrared atmospheric window [53—56]. These optical proper-
ties should ideally be those of a perfect emitter in the infrared atmospheric
window (8-13 um) and a perfect reflector elsewhere. In this case the
cooling power is on the order of 100W/m? at ambient temperature, and
temperatures around 50°C below ambient temperature could be reached
(considering radiation balance only) [57].

A perfect material for radiative cooling applications does not exist,
but some research has been conducted in order to determine the optical
properties of existing materials and also to create new materials with
better properties.

Selective properties can be achieved by using a selective surface, but
they can also be achieved by using a selective screen, which can at the
same time block the convection heat transfer between the cold surface
and the ambient air, as well as reflect some unwanted radiation. A
combination of a selective surface and a selective screen can also be a
solution. If a cover screen is used, there is also the possibility to replace
the air between the radiator surface and the cover screen with another
gas with more desirable radiative properties or create vacuum.
Moreover, the use of mirrors to focus the radiation of a specific zone
from the sky is also seen as a potential improvement.

In this section, research and advances in selective materials for
radiative cooling are reviewed, classified and discussed. The main
classifications for the materials, bearing in mind their specific position
in the device, are: surface of the radiator, cover for the radiator, gas
between cover and surface, and auxiliary systems (as mirrors).

3.1. Selective surface

Some research has been conducted on this topic trying to find a
suitable material or coating to enhance radiative cooling. The aim is to
develop an ideal material with high emissivity in the infrared atmo-
spheric window wave range (8-13 um) and high reflection in the
remaining wavelengths.

To optimise and compare selective surfaces for radiative cooling
applications, some parameters are defined [45] in order to represent
the potential of the selective surface. This parameters are: the average
emissivity for different wavelengths ranges (2!’ and ¢/5) (Egs. (49) and
(50)) and a new comparative parameter (y”) (and Eq. (51)):

&' = [ haG 0 - p@1al [ G Tydi )

Materials ~ (um) & 7
PVC 50 0.78 12
Tedlar 125 0.84 16
TPX 340 089 16

Fig. 2. Left: Transmittance spectra for three different plastic films. Right: Table of cooling parameters estimated for plastic films backed by aluminium [45].
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Eq. (49) is the average emissivity of the material, Eq. (50) is the
average emissivity of the material between 8 — 13um wavelengths and
indicates the maximum achievable cooling power, and Eq. (51) is a
comparison parameter between the previous two parameters and
indicates the maximum achievable temperature drop. Therefore, high
values of z’,and 5" are desired. These parameters appear in some of
the works presented below to discuss and analyse the feasibility of the
selective surfaces.

These selective surfaces can be obtained by means of Polymer foils
on metal surfaces, Silicon-based coatings on metal surfaces, Ceramic
oxide layers, Paints and New Materials (multilayers).

3.1.1. Polymer foils on metal surfaces

In the search of a selective surface for radiative cooling applications,
polymer foils on metal surfaces (highly reflective) have been tested,
mainly on aluminium. Three different polymers were analysed (poly-
vinyl-chloride (PVC) [58], polyvinyl-fluoride (PVF-TEDLAR) [53-55]
and poly 4-methyl-1-pentene (TPX) [59]), and had been also compared
to each other [45]. Results of the comparison between the three
polymers can be seen in Fig. 2.

These results show that the three polymer foils present a low
reflectivity in the infrared atmospheric window (consequently high
emissivity) but do not show such a good performance outside it. When
compared with SiO films, the polymer foils show a better performance
in the infrared atmospheric window but worse reflectivity outside the
window, therefore, polymer foils show worse overall performance [45].

Polyvinyl-difluoride (PVDF) was also proposed as selective material
for radiative cooling applications but only when used also in solar
collection [60]. Even though the radiative performance was not as good
as other selective materials, it performed better than non-selective
surfaces.

In a recent work [61], where solar heating and radiative cooling
were required, polyethylene terephthalate (PET) coated with titanium
(Ti) was studied (called TPET by the authors), showing selective
properties in the infrared window and also in the solar band, as shown
in Fig. 3.

3.1.2. Silicon-based coatings on metal surfaces

Several authors have studied the use of thin silicon-based coatings.
The idea was to coat highly reflective metals, as aluminium, with silicon
coatings which selectively emit in the infrared atmospheric window.

Silicon monoxide (Si0) is a coating that shows good performance.
The reflectance and transmittance of Si on transparent KRS — 5 and the
reflectance of SiO films on aluminium substrates were studied by
Hjortsberg and Granqvist [62] (Fig. 4). The purpose of their research
was to provide accurate knowledge of the optical properties over the
whole thermal infrared range. They conclude that their measurements
are similar to what is found in the literature, so they endorsed results
pointed out in previous works.

Also, Grangvist et al. [57] tested SiO films on aluminium for
different thicknesses (Fig. 5 Left). In this research was compared a
SiO film on aluminium to a black painted plate. The selective surface
reached 14°C below ambient whereas the black plate reached slightly
lower temperatures. The reason for this small difference between the
selective surface and the black plate lied in an unfavourable low value
of /%, for the SiO coating and an insufficient thermal insulation of the
test box.

Moreover, Grangyvist et al. [57] also studied Si;N,films on alumi-
nium (Fig. 5 Right), showing better performance than SiO coatings
according to the greater infrared atmospheric window range covered.

Another coating, SiOg¢N, 2, was tested by Eriksson and Grangvist
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[63] and by Eriksson et al. [64], showing better performance than SiO
but worse than Si;N,. Nevertheless, it showed suitable properties for
radiative cooling (Fig. 6).

A bilayer coating of S$i0(/Si0y 25N, 52 on Al was also analysed by
Eriksson et al. [65], showing a worse performance regard to SiOgsNy»
coating (Fig. 7).

The performance of a multilayer coating of SiO,N, using different
concentrations of oxygen and nitrogen was measured by Diatezua et al.
[66] (Fig. 8). The authors pointed out that the performances of the
analysed multi-layered samples are far from the perfect selective
material. Moreover, their results are even worse than other single
layer materials [53,65].

Another configuration using a SiO film as outer layer consisting of
vanadium dioxide (doped with tungsten or not) (V;_, W, 0,), a thermo-
chromic film, as intermediate layer, and a blackbody surface as base,
was numerically studied by Tazawa and Tanemura [67] and Tazawa
et al. [68].

Transition metal oxide thermochromic films, like V,_, W, 0,, show
optical switching behaviour corresponding to the phase transition from
metallic to semiconductor at a certain temperature. Thermochromic
materials have a high reflectance in the high temperature phase and
low reflectance in the low temperature phase. Due to the fact that
spectral selectivity only appears at higher temperatures, as seen in
Fig. 9 (left), it provides an automated temperature control of the
surface.

Vanadium dioxide films (doped with tungsten or not) are candidate
materials because the transition temperature of Vanadium dioxide
(around 68°C) can be reduced down below room set point temperature
by adjusting the doping level. These works [67,68] present results of
radiative cooling power and temperature stability of sky radiators for
different doping level of tungsten.

Although these configurations do not show better performance than
SiO/Al configurations, as can be seen in Fig. 9 (centre), they present
higher temperature control and stability as can be seen in Fig. 9 (right)
[68].

3.1.3. Ceramic oxide layers

Another possibility to achieve radiative cooling to low temperatures
is to use materials with high values of reflectivity at high wavelengths
(2 > 13um) instead of using high reflective materials all over the
spectrum and coat it with high emissive materials at the infrared
atmospheric window.

Magnesium oxide (MgO) ceramic samples have been studied [69]
(Fig. 10) and their behaviour has been compared to white painted
surfaces, showing the first ones a better performance. MgO can reach
lower temperatures than selective surfaces based on polyvinyl-fluoride
(PVF), and has a high solar reflectivity which may allow radiative
cooling with daylight.

Lithium fluoride (LiF) is also considered a good material for

10 -
4—>— Solar radiation band

09 F
4———>—— Atmospheric window band
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(c) TPET composite surface

Fig. 3. Spectral absorptivity (emissivity) of TPET composite surface [61].
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radiative cooling due to the similar optical properties at the infrared
region as MgO [69] (Fig. 10). Furthermore, it has also been suggested
to manufacture selective radiators with LiF/MgO mixtures.

3.1.4. Paints

In hot regions, white paints are commonly used when painting
buildings in order to reflect solar radiation. Furthermore, the use of
additives to enhance painting performance has been tested in order to
provide high emissivity at the infrared atmospheric window. Therefore,
the combination of white paints with these additives provides both high
emissivity at the infrared atmospheric window and high reflectivity of
solar radiation. White paints with some concentration of 7i0, were
tested (on aluminium plate) by Harrison and Walton [70] showing that
high concentrations of TiO, (35%) can cool down 15°C below ambient
temperature in Calgary, Canada.

In the same way, Awanou [71] developed a diode roof system that
had a pebbled roof with white paint with 7i0, in order to reduce
absorption of solar radiation and to emit radiation during the night.
The results were not as good as expected but better results are foreseen
for hot and dry climates with long nights ( > 8h).

Two other white pigmented paints based on 7i0,/BaSO, and
TiO,/7ZnS were analysed by Orel et al. [72] showing that the addition
of BaSO, improves the performance of radiative cooling.
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3.1.5. New materials (multilayers)

Recently, new manufacturing techniques allowing the development
of new materials have been developed. These new materials are
nanoscale multilayer combinations of materials, optimized to have
better optical properties for radiative cooling.

Two new multilayer combinations of materials have been tested.
The first one made of several layers of titanium dioxide 7i0, and
magnesium fluoride MgF, on silver cover with silicon carbide SiC and
quartz [73], and the other consisting of alternating layers of silicon
dioxide (Si0,) and hafnium dioxide (HfO,) on top of silver and silicon
[74]. Both of them showed a good performance even under sunlight
due to its high reflectivity of solar radiation and high emissivity in the
infrared atmospheric window, as can be seen in Fig. 11.

3.2. Selective screen and convection shield

Due to the difficulty of achieving a material with perfect properties
for radiative cooling and also reduce convection heat gains, the use of
selective screens is proposed.

3.2.1. Polyethylene (PE)

First attempts in using convection shields [53-55,57,64,69,70]
were conducted with polyethylene (PE) foils due to their good
transmittance almost all over the spectrum (Fig. 12). Due to its high
transmittance at the infrared atmospheric window (85% [75]) it could
be complementary to a selective surface radiator.

Different configurations were analysed instead of flat screens, as for
example a V-corrugate screen design of high-density polyethylene
(HDPE) foils (Fig. 13, [75]). A better performance than a flat screen
was observed when analysing its transmittance and thermal insulation
as a convection shield.

For a better understanding of polyethylene performance as a
convection shield and selective screen, Ali et al. [76] studied the effects
of aging, thickness, and colour on both the radiative properties of
polyethylene films and the performance of the radiative cooling system,
highlighting the poor aging of polyethylene foils. The authors also
concluded that thinner films present a better performance in terms of
night sky radiation, but worse mechanical properties. Moreover, the
colour of the film does not significantly affect its optical properties. In a
recent research a polymeric mesh has been proposed as a solution for
structural weakness of PE [77]. However, although the authors (Gentle
et al.) state that this configuration could extend the PE film life span to
more than five years, they do not provide any data to support this
statement, and do not analyse any potential optical properties degra-
dation.

In order to reduce solar gains and increase the longevity of

[ O S OO (YO T [

2 0
Wavelength (um)

Fig. 5. Left: measured spectral reflectance for Si0/Al films on glass with three $iO film thicknesses [57]. Right: measured spectral reflectance for an Si;Ny/Al film on glass [57].
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polyethylene foils several researches have been conducted, analysing
different types of coatings. Nilsson et al. [78] studied zinc sulphide
(ZnS) coating on low-density polyethylene (LDPE), showing a good
solar reflectance and also a good transmittance in the infrared atmo-
spheric window. This coating enables radiative cooling during the night
and reduces heating under direct sunlight. Later on, Nilsson and
Niklasson [79] described the optimization of optical properties and
simulations of thermal performance during the day for pigmented
polyethylene foils. The simulated pigment materials were ZnS, ZnSe,
TiO,, ZrO,, and ZnO. Simulations showed that ZnS is the best of the
pigmented materials tested for a cover foil.

Similarly, Mastai et al. [80] studied the optical properties of a
coating of 7i0, on polyethylene for different thicknesses, showing
favourable optical characteristics, high reflectance in the solar band,
and high transmittance in the atmospheric window band.

Low ban gap semiconductors (Te, PbS, and PhSe), are expected to
block solar radiation, while being transparent in the infrared region.
Engelhard et al. [81] studied semiconductors of 7¢ on polyethylene
foils, exhibiting suitable characteristics for radiative cooling, high
transmission in the mid-IR region, and high solar blocking. In the
same way, Dobson et al. [82] studied the performance of semiconduc-
tor coatings of PbS and PbSe on polyethylene foils, showing that
combined with pigmented polyethylene foils of ZnS and ZnO they can
provide optical and radiative cooling properties.

3.2.2. Other convection covers

Benlattar et al. [83] described the use of thin film CdTe onto Silicon
substrate by measuring its optical properties. CdTe thin film is suitable
for radiative cooling due to its low reflectance and high transmittance
in the atmospheric infrared window. Moreover, Benlattar et al. [84]
also described the use as selective cover of CdS, showing good optical
properties for radiative cooling.

Mouhib et al. [85] studied stainless steel deposited on a tin coating
layer and on a float glass sheet, as a selective screen over a blackbody
emitter. This screen has negligible transmittance so it has a different
behaviour in each side. The overall behaviour is that the upper face
prevents the transmission of the greatest part of radiation coming from
the sky, and allows the lower face to evacuate most of the thermal
radiation emitted by an underlying material. The energy balance
indicates that this configuration would be suitable for radiative cooling
device based on spectral selectivity. Direct measurements confirmed
this conclusion.

Bathgate and Bosi [86] analysed and tested experimentally the use
of polyethylene and zinc sulphide as selective covers. They concluded
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of a polished MgO ceramic sample [69].

that both covers perform similarly in thermal aspects, such as heat loss
and radiative power, but mechanical/structural properties and dur-
ability of ZnS are much better, making it a more suitable material.
Finally, they also mentioned the high price of ZnS glass and suggested
that a much cheaper way to manufacture zinc sulphide screens should
be developed to make it affordable to be used as cover.

3.3. Gas slab

Another point to take into account is the air gap between the cover
and the radiator plate. Little research has been conducted in the study
of optical properties of certain gases to emit through the infrared
atmospheric window. These gases should emit/absorb mainly in the
infrared atmospheric window but transmit elsewhere.

The main gases studied for this purpose are ethylene(C,H,) [64,87—
89], ethylene oxide(C,H,0) [64,88,89] and ammonia(NHs) [64,88-90].

Lushiku and Granqvist [89] presented a concise summary of the
research conducted in this topic, identifying ethylene(C,H,), ethylene
oxide(C,H; 0) and ammonia(NHs) as proper gases for radiative cooling.
They measured the optical properties of these gases for different
thicknesses and also computed and analysed the cooling capacity of
the three gases as well as for mixtures of ethylene and ethylene oxide.
Finally, they tested ethylene and ammonia as infrared selective gases in

31

814

a simple radiative cooling device. The experiment showed the cooling
effect but did not demonstrate its full potential. They concluded that
ammonia was preferred when larger cooling power is required at near-
ambient temperature, whereas mixtures of ethylene and ethylene oxide
allow cooling to lower temperatures.

3.4. Directional selectivity

Part of the research in this topic has been conducted in analyse the
behaviour of the radiator when using parabolic mirrors or in analyse
how to control the direction of the incident/outgoing radiation. Such
approaches are based on perfect reflector materials acting as mirrors;
therefore, the system and not the material is analysed.

Du Marchie van Voorthuysena and Roes [91] proposed the use of
parabolic mirrors to produce radiative cooling effect, even in daytime,
by focusing the mirrors to a low effective temperature part of the sky .
This concept is based on the adaptation of a parabolic solar collector for
this purpose, so these collectors could produce both effects. The
purpose of the research was to find out if radiative cooling and wind
cooling have enough power to cool down large parabolic trough solar
power stations. They conclude that there exists such potential to be
used but occasionally supported by additional cooling.

Another research [92,93] proposed the use of Compound Parabolic
Concentrator (CPC) technology to improve the radiative cooling effect
focusing the radiator to the lowest effective temperature part of the sky.
CPCs allow absorbing radiation coming from just a specific part of sky,
reject all emitted radiation from other parts of sky and also reject all
radiation emitted by the radiator. This technology could provide up to
135W/m? at 10°C below the ambient [93].

4. Theoretical approach and numerical simulation

Some authors have conducted their research in theoretical ap-
proaches of radiative cooling phenomenon and in simulating them.
Also, numerical simulations are suitable tools for the design and
evaluation of radiative cooling systems. Moreover, several authors have
focussed their research in the development of numerical models
capable to accurately simulate radiative cooling systems. In this
section, these models are reviewed and compared in order to identify
research needs for improvement.

When analysing radiative cooling devices, the radiator plate is the
main part of the device. Most authors modelled the radiator plate in a
similar way as a solar flat-plate collector that, instead of gaining heat
from the Sun, loses heat toward sky.

Most solar collectors have a cover to reduce the heat losses.
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However, in radiative cooling devices, losses are beneficial, therefore,
for particular weather conditions, the cover is not desired. For instance,
if ambient temperature is lower than the radiator one, using cover is a
disadvantage. Otherwise, using a cover when ambient temperature is
higher than the radiator temperature avoids undesired heat gains.
The thermal behaviour of the radiator is influenced by the heat
transfer between the radiator and the surrounding media (sky,
ambient, and internal fluid). Most of the authors consider at least the
sky and the ambient when performing simulations to assess the

815

Wavelength (um)

Down: Measured emissivity of the photonic radiative cooler [74].

Fig. 13. Sketch of the material with high infrared transmittance and low non-radiative
heat exchange [75].

potential of the device.

The most challenging effect to model is the influence of the sky,
especially when the radiator is covered with a screen. Nevertheless, first
attempts [94-99] considered the use of a screen. They presented
analytical approaches combined with optical transmittance profiles of
the screen and the sky.

Most recent works [73,74,100—114] on simulation either did not
consider a cover or omit its influence. In these works the sky influence
is treated in two ways: having it an effective temperature determined
with empirical correlations [ 100—114] or considering the sky to have a
wavelength dependant emittance and treat it analytically [73,74].

Not using a cover on the radiator plate simplifies the model of the
radiative cooling device. However, if low temperatures are required, the
use of a cover is necessary to reduce heat transfer from the ambient.

Another effect is the influence with ambient which is mainly by
convection. When analysing convection between the device and the
ambient is more difficult when there is a cover. This is due to the
additional phenomena involving the air between the radiator surface
and the cover that must be taken into account. Even that, it is difficult
to determine the convection heat transfer coefficient in both cases. So,
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to deal with it, some authors [73,74,95] used parametric analysis with
different convection heat transfer coefficients, in order to avoid to
calculate for every condition, and to provide enough information to
present some conclusions.

Finally the influence of the internal fluid with the radiator
temperature for some authors it is considered in different ways:
function of the accumulation tank temperature or conditioned space
temperature [101-104,108,109,111-113], simulated with CFD [105],
or not used (just calculated the maximum reachable temperature)
73,74,95,96].

There exists a formula (Eq. (52)) that gathers the overall of the
effects and gives the fluid temperature at any point of a solar collector
when operating at steady state [115]:

Iy - T, - SIU,
Ty T, - SIU;

= (-ULmwLylinCp)

(52)

where 7} is the temperature of the fluid at the desired point (normally
the outlet fluid temperature), T; is the inlet fluid temperature, 7, is the
ambient temperature, S is the radiation absorbed by the solar collector,
U is the overall heat loss coefficient, n is the number of parallel tubes,
w is the distance between parallel tubes, F is the collector efficiency
factor, y is the tubes length, 1 is the mass flow rate and C, is the
specific heat of the fluid. This equation is for solar collectors.
Readapting it for a radiator plate by replacing the solar heat gain for
the net radiative heat loss was used by some authors [100-103,106—
108,110,114] to predict the outlet fluid temperature.

The research conducted in this topic has now been introduced
according to its influence to surroundings. From here on, conclusions
from their authors are presented.

First approaches of radiative cooling devices showed that this
technology could be used to provide part of the cooling demand of a
building (50% cooling demand [94]), achieving promising values of net
cooling power and reaching temperatures far below ambient (65W/m? -
AT > 10K [95] and 60W/m* - AT = 14K [96]). Also, some of this
research has been conducted in hot and arid areas (Jordan) [98]
modelling a radiative cooling device and validating it with empirical
data showing good correlation and also good results (reducing the
temperature of a 120L tank to 15°C in a night, 13MJ/m?*night). Later on,
the same authors used this device to improve a previous nocturnal cold
storage [99], presenting some conclusions about its dynamic thermal
behaviour.

Recent research [73,74] computed selective materials with photonic
design optimization, showing that this new combination of materials
can produce cooling (up to 1L00W/m? [73]). They also demonstrated that
cooling can be achieved even under daylight conditions, reaching
experimental values of 40W /m? of cooling power [74].

The coupling between radiative cooling and photovoltaic solar
collection [109] was also studied. After validating the model with
empirical data, it was used to perform an analysis of its performance in
two cities, Madrid and Shanghai. The cooling annual potential calcu-
lated is of 51 and 55kWh/m?year for each location.

Some research [101-103] studied multistep refrigeration systems
combining radiative cooling with evaporative cooling for climate
conditions in Iran. Their model has been validated with the results
from [116]. The potential of the radiative cooling device was investi-
gated for four cities showing that can be provided air up to 16K below
ambient temperature and when combined with evaporative cooling up
to 24K below ambient temperature, entailing savings up to 80% of the
total cooling demand.

A research combining radiative cooling with microencapsulated
phase change material [104], was simulated in five typical cities across
China also showing great performance with savings up to 77% of the
total cooling demand.

The one using CFD to simulate radiative cooling devices do not
show good results if only is considered the thermal radiation (up to
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20W/m? [105]). Maybe, this is because the thermal radiation is
calculated in a chosen steady state by the author that may not represent
the reality.

An air-based system tested in a building in Greece [108], using an
aluminium painted tube set to work as a nocturnal metallic plate
radiator, was used to validate an analytical model showing good
agreement.

A model using water as inner fluid and using general heat transfer
equations was proposed [110]. The model was validated with experi-
mental data with statistical methodology of analysis. The model
showed uncertainty less than 5% when validated with data under
experimental conditions showing experimental average powers of
60W /m?.

The combination of solar heating and radiative cooling, as passive
system, has been simulated to condition the interior temperature of a
building [111]. Savings up to 54% of heating and 53% of cooling can be
achieved.

Some of the numerical simulations, validated with experimental
data, were used to determine the effects of different parameters on the
performance of the radiative cooling device, such as fin efficiency
factor, flow rate, and overall heat transfer coefficient in [ 106,107,114,
area/volume tank ratio, flow ratio, tank volume, and radiators surface
in [116], and flow rate in [112,113]. In [107] are presented some
different required characteristics between radiative cooling radiators
and solar flat plate collectors used for solar heating. The authors
concluded that fins used in flat plate solar collectors are less efficient
for cooling applications, and an appropriate solution is radiators
consisting entirely of pipes. Moreover, previous experimental data
[114] was also used to validate a research [112] which also assess the
influence of the flow rate in the model performance.

After analysing all research done in theoretical approach and
numerical simulations of radiative cooling devices it can be seen that
great effort has been done since the first attempts in testing new
aspects that improve its performance and applicability.

5. Radiative cooling prototypes

Part of the research has been conducted in testing experimental
radiative cooling devices under certain circumstances. Most of this
research has been done in order to provide experimental data to
validate numerical models and to experimentally analyse the thermal
behaviour of the prototypes. Most of the prototypes have the same
shape as a solar collector, a flat plate as radiator.

First attempts [71,117] aimed at providing a roof which could
produce some cooling during night and reflect the incident solar
radiation during day. Air based systems were used to cool down the
temperature of huts where were tested. In [117] 2 different covers were
compared, galvanised steel painted white and aluminium coated with
Tedlar. Both cases provided low cooling powers (22W/m?), showing
better performance the painted one, which reached lower temperatures
(6°C below ambient temperature during night). In [71] a new concept
called diode roof was tested. Although this concept allows reaching
lower temperatures than ambient during night, the main purpose was
to avoid the heat to go inside the building.

Another type of air-based system was tested in a building in Greece
[108], using an aluminium painted tube set to work as a nocturnal
metallic plate radiator. This study was performed in two different
offices, one office using a radiative cooling and the other one with no
cooling device. The system operation is to pass interior air through the
tube to be cooled down before reintroduce it inside the room during
night hours. Experimental results showed that the office using radiative
cooling achieved temperatures between 2.5 — 4°C below the one with
no cooling device. Two different paints were tested, demonstrating the
importance of a high emissivity of the radiator to achieve lower
temperatures. Moreover, a numerical model was developed and
experimentally validated.
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Later research focussed in the use of high heat capacity transfer
fluids, as water, because water-based systems can be better controlled
and operated. Water-based systems can either be open or closed. Open
water-based systems combine evaporative cooling, radiative cooling
and convective cooling. However, water is in contact with ambient,
therefore it can evaporate and the system may need refilling. One of the
first open water-based systems was developed by Dan and Chinnappa
[118]. They used a solar collector where water was trickled over the
cover glass during the night and 400 L of heated water were cooled
down almost to the diurnal minimum temperature. Another purpose of
open water-based systems is to use water to clean and remove the dust
from the collector cover.

To avoid losing water and catching dust in the water, the majority of
water-based systems are closed systems. A closed water-based system
was used by Matsuta et al. [60] who were some of the first authors to
combine and evaluate solar heating and radiative cooling using a solar
collector. They showed that, even this combination does not perform as
well as they do separately, it could provide a good heating and cooling
power (up to 610W/m>—51W/m> respectively).

In a similar way, Ezekwe [119] tested a radiative cooling device to
cool down a small refrigerator to store food and other perishable goods
in developing countries and in remote areas. The system provided an
average cooling capacity of 628k//m’night and reached temperatures
7°C below ambient.

Bearing in mind that the thermal demand of cooling is required
during day time and the cooling is obtained during night; the use of
thermal storage is needed. Ito and Miura [120] started using sensible
thermal storage in combination with radiative cooling. An experimental
and theoretical investigation of an uncovered radiative cooling radiator
was performed. Results showed cooling powers of 40 — 60W/m? in clear
summer nights and 60 — 80W/m? in winter, with thermal storage
temperatures 2 — 5°C below ambient temperature.

Later on, a Erell and Etzion did a series of experiments in Israel
about how radiative cooling performs in this hot and arid weather
[106,107,121-123]. First experiment was set to determine the effect of
the thermal storage mass in radiative cooling plate [121]. Four test
boxes including an internal concrete slab at different locations were
tested, trying to show the influence of this slab with the heat transfer by
natural convection. The authors stated that the thermal storage mass
has the role of being a heat sink and also of preventing the radiator to
have lower temperatures than the design temperature of the cooled
space. The authors concluded that the existence of a thermal storage
mass is a very important part of a cooling system but even more
important is the location of the thermal mass and the coupling between
it and the radiating surface.

Later on, the same authors set an experiment using water as heat
exchange medium [122]. The experiment was performed using a test
box similar to those used in [121] which was adapted to a solar
collector (without glass) by adding a roof pond and a pumping system.
The effect of the water flow rate was tested, showing that it affects the
temperature difference between radiators inlet and outlet temperature.
So, in this sense, the emerged hypothesis that a higher flowing rate
increases the cooling rate was not supported by the data. The authors
concluded that this is a self-regulated system, in the sense that higher
daytime heat loads results in higher night-time cooling rates.
Moreover, the amount of water in the pond is an important parameter;
it can be used to regulate the radiator temperature in order to achieve a
suitable temperature for cooling purposes when needed as well as an
acceptable cooling rate during night. Finally, they found that the
coupling of the radiator with the thermal mass of the building results
in higher temperatures than ambient air, making it possible to take
advantage of convective cooling. This feature of the system obviates the
need for wind screens, which previous research demonstrated that are
essential for achieving low radiator temperatures. For this prototype,
the cooling potential, taking into account convective and radiative
cooling, was up to 90W/m>.
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Additionally, Erell and Etzion used this previous radiative cooling
device to test it as a solar heating collector [123], resulting in a
considerable heating output (mean daily heating ratel 94kWh/m>day),
although it was not designed for such use. Finally, the authors
proposed an analytical formulation to simulate a radiative cooling
device based on a solar collector analysis [106,107,114]. The model
was experimentally validated, showing good agreement.

In a similar approach, Meir et al. [ 116] tested an unglazed radiator,
using water as a heat transfer fluid, coupled to a large storage tank in
Norway. An analytical model was developed and validated with
experimental data, and then it was used to optimise some parameters.
Although the device performed well for clear and low humidity nights,
the authors recommended analysing the performance of the system in
climates with significant cooling demands, with outdoors nocturnal
temperature not suitable to meet the comfort temperatures, to corro-
borate their simulation results.

Similarly to preceding research, Hosseinzadeh and Taherian [113]
tested an unglazed radiator with storage in Iran. The experimental
results were also used to validate an analytical model. The prototype
showed an average net cooling power of 45W/m? and capability of
lowering 8°C a 130 L water tank.

Also using a closed water-based system, Ferrer Tevar et al. [110]
tested 3 different radiators with different infrared emissivities (0.02,
0.5 and 0.9) in Almeria, Spain. The one with low emissivity material
was used to isolate the effect of convection from the others. The
experimental results showed averaged powers of 60W/m?. They con-
clude that the use of this technology could lower the cooling demands
of buildings and also that is interesting to integrate it in buildings,
specially combined with inertial elements.

Lately, Ahmadi et al. [124] tested a prototype, using a plastic sheet
as cover and with a storage tank, in Iran. The radiator surface reached
temperatures 20°C below ambient temperature. It was also tested the
influence of the numbers of plastic layers as cover showing that the best
performance was achieved when there was a single layer.

Apart from research in testing specific devices, development and
testing of new materials was also addressed. Bathgate and Bosi [86]
used two different covers, Polyethylene (PE) and Zinc Sulphide (ZnS),
to analyse its potential and to justify the use of ZnS instead of PE, based
on the similar behaviour of both covers and the higher durability of
ZnS. The study showed a good performance of both PE and ZnS covers,
reaching 6°C below ambient and a total net heat radiation loss up to
580Wh/m*night for PE and 470Wh/mnight for ZnS.

Recent research have been conducted in order to find new ways to
enhance radiative cooling or combine it with other technologies that
could benefit its economical profit/overall  performance
[61,74,109,125].

Eicker and Dalibard [109] tested and developed a combination of
radiative cooling with photovoltaic solar collector to produce cooling
and electricity. This device was tested in Madrid, showing cooling
powers of 60 — 65W/m* when coupled to the heat sink storage tank
(depending on the temperature the tank was used to cool a radiant
floor or for heat rejection from a chiller), and 40 — 45W/m*> when
directly used to cool down a ceiling containing phase change material
(PCM). For this research, a numerical model was developed and
validated.

Selective materials could improve the performance of radiative
cooling in such a way that it can even work during daytime. Raman
et al. [74] used the so called photonics design optimization to develop a
material which can reflect 97% of the sunlight and also strongly emit in
the infrared window. This improvement allows producing cooling
during the whole day rather than only during the night. Empirical
results showed a radiator temperature 5°C below ambient temperature
and a 40W/m*> cooling power during exposition at direct sunlight
conditions.

Finally, some research has been conducted in combining radiative
cooling and solar heating [61,125,126] in the same device, showing a
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great potential. In [125] the systems was a vertical wall with a coated
aluminium plate. This research showed perfect integration between the
building and the heating/cooling system. Further on this concept, Hu
et. al. [61] developed and tested a selective material that performs well
on both heating and cooling. Results showed a performance of 76.8% in
heating and 75% in cooling compared to that of conventional systems.
Afterwards, Hu et al. [126] used this material in a prototype whose
performance was compared to a traditional flat-plate solar collector. In
diurnal testing mode it showed a thermal efficiency of 86.4% compared
to the traditional solar collector, whereas in cooling mode, it presented
a cooling power density of 50W/m* when the radiator surface was at
ambient temperature, as well as a capability of reaching 7.2°C below
ambient temperature.

Research tendencies from the development of the first prototype
have gone to the use of selective materials and the combination of
radiative cooling with other technologies. The main goals are to reduce
the payback time and to be able to provide different energy demands
(e.g. cooling, heating, electricity).

6. Conclusions

In the present paper, research in the topic of radiative cooling is
reviewed and classified, presenting the main results and conclusions.
The articles are classified in four different sections: radiative cooling
background, selective radiative cooling, theoretical approach and
numerical simulation for radiative cooling, and radiative cooling
prototypes.

Radiative cooling has been long, but not widely, analysed as a
physical phenomenon in order to determine its influence in superficial
heat balances, showing that, due to its low energy density, even minor
heat fluxes are significant for the system performance. This phenom-
enon is fitted by straightforward correlations which are explained and
summarized in the present work. These correlations depend on
meteorological parameters, meaning that somehow they are very
location dependant. As this phenomenon is not usually measured,
the implementation potential for cooling purposes was barely analysed.
Although correlations do not depict radiative cooling phenomenon
better than real data, they can be used as a good approach, if adapted to
the specific location. It is also important to mention that the radiation
coming from the sky is not uniform through the spectrum as explained
before; therefore the optical properties in the specific wave range
(atmospheric window) may be important and should be accurately
measured.

Given the low cooling power reached by this technology, different
improvements have been analysed and studied. Materials with appro-
priate properties were fully analysed in the literature, from optical to
thermal properties. General tendency leads to two possibilities: to
develop/use materials that improve the cooling capacity of the system,
or to develop/use materials that provide other benefits to the system
(such as solar collection, PV, structural strength, etc.). Currently the
design of these materials has entered to a microscopically level of
precision.

Despite radiative cooling is a novel technology, analytical ap-
proaches and numerical simulations are spread all over the literature.
The research done is mainly orientated to flat plate design. This design
presents similarities to a solar collector, since both designs have similar
shape, both can adapt to the building envelope and both should face
upward to the sky.

In the present review, the research about numerical simulations
and prototypes has been classified bearing in mind the influencing
parameters of the sky, the ambient, and the internal fluid. From this
research, some interesting conclusions are extracted: (1) the use of
cover is recommended to achieve low temperatures, (2) the use of
water instead of air as a heat-carrier fluid is also recommended to
control the system, and (3) heat storage is recommend to reach high
cooling power densities.
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Experimental analysis of this technology has also been widely
performed in order to prove the concept and it has also been used to
validate numerical models. Results show that the applicability of this
technology is possible in some climates. These results lead new
prototypes to provide new functionalities apart from radiative cooling
for profitable reasons, such as generate heating using solar collection or
electricity using PV.

Even though this is a low-grade technology and may not be enough
for some particular requirements, the use of this technology for cooling
purposes, actively or passively, can dramatically reduce the energy
consumption, since it requires low energy for its operation and it comes
from a renewable source.

Nevertheless, there exist some issues to be taken into account that
limit the implementation of this technology. For instance, the use of a
material with appropriate properties is an issue to be solved. Also,
referring to simulations, some optical phenomena are omitted, when
developing the model, related to electromagnetic optics or to photonics.
This omission is a simplification of such complex effects. Finally,
mention that this technology has a low energetic density for cooling
purposes, so significant improvements are expected.

Thus, further research is warranted in order to determine the real
potential of such technology, to develop new concepts and systems, and
to overcome the main limitations existing at the moment.
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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 um) whereas emitting in the infrared

atmospheric window (7-14 pm).

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

38



+

b §
Chapter 4 - Radiative cooling as low-grade energy source: A literature review \U/

Universitat de Lleida

) 4

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 (SiO) 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)np) 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 SiO;
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 (NaZnPOj) 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 MgHPO4-1.2H,O powder as day-time
radiative cooling material due to its good optical properties. This simple and low-cost

material demonstrated good performances.

40



<+
b §
Chapter 4 - Radiative cooling as low-grade energy source: A literature review \U/

Universitat de Lleida

) 4

Some authors explored the multi-dimensional photonics topic. Jeong et al. [43] present a
bio-inspired material with a prismatic structure of PDMS, on SiO, 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 (AIPO4) as day-time radiative
cooling material/coating, with promising day-time performances in the form of tridymite-
type AIPO4 (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).

day-time mode night-time mode
RCE
movable cover
v v
Solar Radiative
collection cooling
v v
Heat Cold

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 um) and thermal radiation (4-50 um), 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 Képpen-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 Ill 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).
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Solar Thermal Collection Concept in Buildings for Various

World Climates

Sergi Vall, Albert Castell,* and Marc Medrano!!

A novel radiative cooling and solar collection concept is
presented, and the combination of these two technologies and
its energy integration in residential and commercial buildings
is evaluated. This innovative concept, herein named Radiative
Collector and Emitter (RCE), allows for supplying both
cooling and Domestic Hot Water (DHW) demands. First, the
RCE concept is introduced by presenting its background, with
special attention to the overlapping and switching between
radiative cooling and solar thermal collection. Then the DHW

Introduction

Nowadays, the effect of fossil fuels on climate change has
reached scientific consensus. New policies are focused on
energy efficiency and on renewable sources to reduce the
energy dependency on fossil fuels. In this sense, the building
sector is one of the strategic sectors to achieve these new
objectives. Residential and commercial buildings represent
nearly 40% of total energy consumption in the European
Union (EU-28)" (residential buildings 24.9 % and commer-
cial buildings 13.6%"!). For instance, in the residential
buildings energy budget, space conditioning of buildings
represents 65% of it while Domestic Hot Water (DHW)
13.8%.7

For space conditioning purposes, active and passive
strategies can be applied to reduce energy consumption.
Despite these strategies, energy consumption cannot be
usually reduced to zero if thermal comfort conditions are to
be preserved.P! Tt is at this point when renewable sources
should emerge to cover these energy needs.

When talking about heating and DHW, solar thermal
collectors are well known as an effective system to meet these
heat demands.!! However, for cooling there is still no simple
renewable alternative with such potential and development as
solar thermal collection is for heat demands. Two possibilities
for cooling are compression heat pumps and absorption heat
pumps. On the one hand, compression heat pumps are a non-
renewable technology that needs substantial amounts of
clectricity, although according to some legislations they can
be considered as renewable.” On the other hand, absorption
heat pumps may use solar energy as driving heat, but they are
not available for residential applications, have low overall
efficiencies, require high operation temperatures, and need
large cooling towers.”! Moreover, their coupling with suitable
solar heat sources is not well researched.
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and cooling demands for four building typologies, two
residential and two commercial, are compared with the
energy production of the RCE. The analysis is performed for
representative cities of the world climates according to
Koppen-Geiger classification. The RCE concept showed
suitability in some of the studied cities (San Francisco, Cape
Town, Johannesburg, London, and Ottawa) with C (temper-
ate) and D (continental) climates in residential and tertiary
buildings.

It is at that point where radiative cooling gains strength in
providing cooling. This technology uses the sky as a heat sink
taking advantage of its effective temperature lower than
ambient. Thus, it may be a good option to supply the cooling
demands of houses in hot and dry regions.”! Lot of research
has been conducted in the study of the radiative cooling
phenomenon and, more recently, in the development of
radiative cooling experimental prototypes and numerical/
theoretical models. A comprehensive review of radiative
cooling is presented in.') The research conducted in!">* used
unglazed solar collectors to test the radiative cooling achiev-
able with a simple modification, showing the capability of
cooling production. Recently, the research evolved into the
development and testing of more sophisticated materials!"'”!
allowing the radiative cooling effect even under sunlight
conditions, and achieving lower temperatures. Though, some
other research has been conducted in the development and
validation of a robust numerical model with experimental
data.'"! However, despite the efforts done in this field, the
few studied systems have not yet reached the market due to
its low available cooling rates (between 20-80 W/m*""! with
peak values of 120 W/m™'"™l). Therefore, new concepts and
improvements are required for radiative cooling to become
feasible.

Radiative cooling phenomenon is antagonist to solar
thermal collection, mainly due to the different radiation
wavelength used (longwave radiation for radiative cooling
and shortwave radiation for solar thermal collection) and
because solar thermal collection takes place during sunlight

[a] S. Vall, Dr. A. Castell, Prof. Dr. M. Medrano
Department of Computer Science and Industrial Engineering
University of Lleida
Edifici CREA, Pere de Cabrera s/n, 25001 Lleida, Spain
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hours while radiative cooling mainly when there is no
sunlight. A more detailed analysis of the differences between
these two technologies is presented in.!"!]

Since both technologies can be conceived in analogous
devices, it comes to mind to combine these technologies to
provide heat and cold using a single device. However, these
two technologies are not generally prepared to work together
when they are designed to work autonomously;!'” therefore
some adjustments have to be done for this purpose.

The combination of solar collection and radiative cooling
in a single device would be a qualitative leap forward to
renewable suitability for meeting different energy demands.
The use of both technologies may substantially reduce the
non-renewable primary energy consumption for space con-
ditioning and domestic hot water. Moreover, the extra cooling
savings for about the same economic investment will make
the investment more cost-effective. This new concept that
combines solar thermal collection and radiative cooling in a
single device is based on radiation heat transfer, since it
collects radiation (solar) from the Sun as a heat source, and
emits radiation (thermal) to the sky to provide cooling.
Therefore, this concept will be mentioned from here on as
Radiative Collector and Emitter (RCE).

Up to now, little research has been conducted in this
topic. Firsts attempts were focused in testing a device
designed to perform one function (radiative cooling or solar
collection) and see if the same device could also perform the
other function. This research ecither used unglazed solar
thermal collectors and observed radiative and convective
cooling during the night!™®" or alternatively observed the
production of heating during day by a radiative cooling
device.”!! However, these systems were not designed to
perform both functions and, thus, presented such low
efficiencies that did not justify its usefulness. More recently, it
was developed and tested a suitable material to be used for
radiative cooling and solar heating.'”! Once the material was
proved, it was built a prototype to be tested in real conditions,
showing good performances.”” However, these studies were
limited to certain specific conditions, did not assess the
potential of combining such technologies under different
climatic conditions, and did not consider the heating and
cooling demands.

Several energy and economic studies on the potential of a
particular energy technology for the integration in different
building types and various climates have been published
recently. These technologies include solar absorption cool-
ing,™ fuel cell micro-CHP™?!l and building-integrated photo-
voltaics™! as well as Smart-grid operation.”?”! These studies
show the interest of this type of methodologies and allow
framing the present work, which is contributing with the
above mentioned novel RCE technology to this type of
building integration potential studies.

The purpose of this article is to introduce the RCE
concept, which comprises two technologies: radiative cooling
and solar collection, as well as to investigate and determine
the RCE potential to cover cooling and DHW energy
demands in residential and commercial buildings in different
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climates. For different climates, different building typologies
were evaluated to determine the most suitable application.
This worldwide climate suitability study has never been
performed neither for radiative cooling nor for the novel
RCE concept.

The RCE Concept

The RCE concept presented in this paper is conceived as a
device capable of producing heat and cold for any existing
demand, in the present case for space conditioning and DHW
demands. This concept produces heat and cold in the same
manner as two separated devices would do. Similar devices
already tested in the literature were designed to produce
either heat or cold and, without any modification of the
original device, the other service was studied."'?*?!l The RCE
concept is conceived since the beginning to produce both.
This commitment entails the use of some strategies in the
design of it to allow the generation of such different energy
products.

The RCE device was conceived to have a similar
architecture to a flat plate solar thermal collector, namely, it
has an absorber/emitter surface and a cover on top of it.
Additionally to that, it was also conceived to be capable of
working in two modes: solar collection mode and radiative
cooling mode (Figure 1a), producing both heat and cold. To
be able to operate under these different modes, the RCE
incorporates a movable cover (Figure 1b). This cover is
composed of two different sections (one for each operation
mode) made of different materials. The main drawback of
this system is the movable element in the cover that did not
exist before, therefore presenting a potential increase in
maintenance needs.

The section of the cover used for the solar collection
mode lets solar radiation pass through and blocks mid and far
infrared radiation. On the contrary, the section used for
radiative cooling lets thermal radiation pass through. The two
different sections of the cover are exchanged for each
operation mode via a sliding cover system. The absorber/
emitter surface is assumed to have blackbody properties.
These considerations were taken into account when evaluat-
ing the energy production of the RCE device.

The operation and control of the two sections of the cover
should be done considering both the presence of solar
radiation and the time of the day. When there is solar
radiation the device is operated in the solar collection mode;
on the other hand, when there is no solar radiation and the
time is between dusk and dawn the device is operated in the
radiative cooling mode.

The RCE device needs to be connected with the HVAC
and DHW installation (cold and hot tanks) of the building,
providing such systems with heat and cold. In terms of
HVAC, any distribution system can be used to deliver the
cold to the different spaces to condition. Thus, systems such
as radiant ceilings that require lower temperature differences
between the circulating water and the ambient set-point can
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Figure 1. a) Block diagram for Radiative Collector and Emitter concept and its
building integration. b) 3D representation of a Radiative Collector end Emitter
device.

be used. These systems could provide better thermal comfort
2521 but also need additional systems to cope with the latent
heat. The distribution system is not the goal of this research
and it is therefore not considered in the analysis.

Methods

To evaluate the coverage of the cooling and DHW demands
by the RCE under different climatic conditions, the energy
production of the RCE and the energy demand of the
different building typologies were determined as shown in
this section (Figure 1a).

Energy Production
The RCE total energy production was calculated for each
mode separately (Figure 1a) having each mode its own

calculations and procedures. However, some considerations
are made for both modes.
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A steady-state model is developed to determine the
energy production potential under different climates, thus
helping to identify and highlight most interesting applications
and world climates for such new technology.

Conductive and convective losses are assumed to be
negligible in the RCE device, since the RCE is considered to
incorporate strong thermal insulation and an evacuated space
between the absorber/emitter surface and the cover.

The tilt angle, which is a relevant parameter for the RCE,
is selected to achieve the best results under radiative cooling
operation, because this is the technology with lower produc-
tion rate. Since the best tilt angle for radiative cooling is
horizontal* the RCE is considered to have an inclination
angle of 0°. This may result in a decrease of the solar
collection efficiency since the angle is not optimum for solar
collection.

The optical properties of the different covers used are
(Table 1): for the solar collection mode perfect transmission

Table 1. Optical properties of the cover for each operation mode.

Transmissivity Transmissivity

in the solar in the thermal
spectrum spectrum
Solar collection mode 1 0
Radiative cooling mode 1 1

in the solar spectrum and blocking of thermal radiation
(similar to glass), for the radiative cooling mode perfect
transmission in the whole spectrum (similar to low-density
polyethylene). These optical properties are not the exact ones
of real materials (for instance glass or polyethylene). How-
ever, the aim of this paper is to assess the potential of such
technology, therefore the assumption of such values is
considered to be valid.

Solar Thermal Collector Mode

For solar collection the RCE energy production potential was
evaluated considering the Global Horizontal Irradiance
(GHI) and a system performance ratio (Eq. 1). The system
performance ratio is a common methodology used in other
research™ and takes into account in a single parameter all
the inefficiencies of the system (solar collector efficiency,
losses due to inclination and shadows, etc.). Based on
previous works,*! a similar performance ratio of 0.6 was used
for the solar collection calculations.

Pyurna[W/m?] = GHI - m,, (1)

The energy production was monthly evaluated to be
compared to the DHW demands (Eq. 2).

Esolar.month [‘Vh/(rn2 g month)] = 2momh (PsoIaanl R At) (2)
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Radiative Cooling Mode

Radiative cooling potential has not been widely studied™ and
there are no world potential maps available. Therefore, some
assumptions were considered to standardize the results and to
present its potential in a similar way as solar thermal collection.

Apart from the assumptions already presented for the
RCE concept, the absorber/emitter surface temperature also
needs to be considered. The surface is assumed to be at a
constant temperature of 20°C for the periods where cooling is
required. This absorber average surface temperature along
the night is considered a good trade-off between an accept-
able upper limit for achieving internal fluid temperatures low
enough to be used in HVAC systems, and a reasonable lower
limit for good radiative cooling performances.

Given these assumptions, the radiation balance between the
sky and the radiator is presented in Eq. 3. The monthly energy
production was determined considering only the time when
there is no solar radiation (Eq. 4). The clear sky emissivity was
calculated using empirical correlations (Eq.5, Eq.6, Eq.7)
bearing in mind the climate for which they were proposed™
(Table 3). The opaque fraction of the sky was also considered to
evaluate the effective sky emissivity. In that sense, Eq. 8 was
used to modify the clear sky emissivity based on empirical
correlations™ and data from EnergyPlus weather data.

PrasiaicrstlW/ 0] = Ergiagse - 0 ¢ (deialor)d_eskg' 0 * (Tamient)’

3)
Eradmtor.monlll [Wh/(m2 3 month)] = Zmomh (Pradialonncl . Al) (4)

Empirical correlations for clear sky emissivity:

Eago = 0.711 +0.56 - (Ty,/100) +0.73 - (Ty,/100)* (5)
Eugo = 0.741 +0.0062 - T, (6)
Eayo = 0.754 +0.0044 - T, 7

Effective sky emissivity:

Egy = Clf + (1-clf) - &4y (8)

Energy Demands

The DHW and cooling demands of the different buildings
considered were determined by numerical simulation using
EnergyPlus for the same locations where the energy produc-
tion was calculated. To standardize the results, four typologies
of standard buildings were chosen. These buildings were
taken from the USA Department of Energy (DOE), which
provides a set of prototype building models to be used in
EnergyPlus. These models are either based on the Interna-
tional Energy Conservation Code (IECC) for residential
buildings”” or the ASHRAE Standard 90.1 for commercial
buildings."
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For the present work 2 residential and 2 commercial
buildings were chosen to represent a large share of the
existing building stock. These 4 buildings are: a single-family
(SF) detached house with crawlspace (Figure 2a), a multi-
family (MF) low-rise apartment building with crawlspace
(Figure 2b), a medium office (Figure 2c), and a small hotel
(Figure 2d). The main geometric parameters describing the
selected building typologies are presented in Table 2.

Table 2. Geometric parameters of the different buildings analysed and
additional p and active strategi
SF MF Office Hotel
building  building
Wall area (m?) 2212 876.2 1978.0 1694.2
Window area (m?) 332 246.9 652.6 184.2
Window-Wall Ratio [%)] 15% 28% 33% 1%
Net Conditioned Area (m?) 223.1 2007.4 49822 4013.6
Roof Area (m?) 116.4 784.9 1660.5 1003.4
Additional passive and active strategies
Cooling set point tempera- 25 25 25/27 25
ture (°C) (schedule)
Summer night ventilation 20-8 h 20-8h - -
Natural ventilation through - - 7-22h -
occupants controlled win-
dows
Solar protection (Overhangs) Included Included - -

These standard buildings are fully defined in terms of
envelope, schedules, internal loads, DHW consumption,
etc’*I Nevertheless, some additional active and passive
strategies not considered by the original models were
included to make the models closer to the real behavior and
also more ecfficient (set point temperature schedules, summer
night ventilation, overhangs, etc. see Table 2).

For each climate, some of the building characteristics of
the standardized models, such as the overall heat transfer
coefficient (U-factor) of the building envelope elements
(roofs, walls, floors, doors, windows), and the solar heat gain
coefficient (SHGC) of the non-opaque envelope elements
(windows), change according to the previously mentioned
codes (IECC/ASHRAE Standard 90.1). As these codes are
ASHRAE standards, the building models are also referred to
ASHRAE climate zones. However, in this paper a worldwide
climate analysis using the Koppen-Geiger climate classifica-
tion® is performed, since it is a more general and known
climate classification. For this purpose, the model used for a
particular climate of the Koppen-Geiger classification was
chosen according to its similarity to the ASHRAE climate
zone (Table 3).

In the present paper 16 representative cities were studied
covering most of the climates of Koppen-Geiger climate
classification (Table 3). For some climates two cities were
selected since the differences between them were sufficiently
significant to consider more than one city. Climates that do
not require cooling demands were not considered in this
study, since the technology under study aims at providing
both DHW and cooling. Once the climates and the building
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Figure 2. Analysed buildings: a) Single-family detached house; b) Multi-family low-rise apartment building; c) Medium office; d) Small hotel.

Table 3. Representative cities, sky emissivity correlation used and equiv-
alences between Koppen-Geiger classification, USA climate and IECC.
Representative  Sky emissivity ~ Képpen- ASHRAE  IECC
Cities correlation Geiger climate climate
Clear Cloudy classification® zone zone
model
used
Singapore, Ca- Eq.5 Eq.8  Af/AmPl/Aw 1A 1
racas
Riyadh Eq.7 BWh/BSh®  1B/2B 2
Denver, Teher-  Eq.7 BWk"/BSk 3B/4B/ 3
an 5B
Rome, Perth, Eq.5 Csa/Csb 2A/3C 2
San Francisco,
Cape Town
Brisbane, To-  Eq.5 Cfa/Cwal/ 2A/3A/ 3
kyo, Johannes- Cwb 4A
burg
London Eq.5 Cwctl/Cfb/ 4C/s5C 5
Cfcld
Pyongyang, Eq. 6 Dsa"/Dwa/ SA 5
Chicago Dfa
Ottawa Eq.6 Dsb/Dwb®/  6A/6B/ 6
Dfb 7A/7B
- = Dsct/Dsd)  7A/7B/8 7
wcld
Dwd'?/Dfcl/
Dfd'
ETH/EF
[a] Koppen-Geiger climate classification.” [b] Climate not considered or
climatic data from a representative city not found. [c] Climate not
considered, cold climate or without cooling requirements.

models were chosen, the energy demands were calculated.
Although the time step for the building simulations was of

15 min, only monthly demands were considered for coverage
purposes.

Coverage Calculations

Once the demand and the production were calculated, the
percentage of coverage was also evaluated. The coverage is
an important parameter since it can represent the suitability
of this technology for a particular combination of climate and
building typology. In other words, it means how well the
energy production from the new RCE concept can match the
energy demands of the building in that specific climate. In any
case, the production of renewable heating and cooling with
the RCE can contribute to significant energy and money
savings, even if its contribution to the total building HVAC
demand is small.

The energy coverage was determined as the minimum
between the monthly energy demand and the monthly energy
production. The heat and cold produced is only used to cover
the DHW and the cooling demands. When there is an excess
of energy production it is not used.

Since for different cities both the energy demand and
production change the coverage for a fixed surface of RCE
changes as well. Therefore, a parametric analysis of the DHW
coverage was performed to show how changing the surface
affects the coverage of the energy requirements.

Energy Technol. 2018, 6, 2200—2209 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2204
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Results and Discussion

Simulations to calculate the energy demand (DHW and
cooling) of different building typologies and the energy
production of RCE were performed in 16 cities. The aim of
these simulations was to evaluate the RCE suitability in each
city and, consequently, each climate. The results to assess that
suitability are presented and discussed in this section.

The annual results of all cities for every building typology
are shown in Figure 3. This figure includes the energy
demand, the energy production and the percentage of cover-
age per square meter of conditioned surface considering an
installed RCE surface of: 5m’ for the single-family house,
30 m? for the multi-family house, 20 m* for the office and
100 m” for the hotel. These surfaces were chosen according to
the DHW demand, trying to cover a significant part of it, and
also considering that there was enough room on the roof of
these buildings (the percentage of covered roof was in the
range of 2-6 %).

In Figure 3 it is observed that with an installed surface of
5m’ much of the DHW energy demand of a single-family
house can be covered in most of the cities. Also, cooling
demands are partially covered. The multi-family building is
behaving similarly to the single-family house. In contrast, the
office seems to be the most different building typology when
evaluating its demands. Its cooling demands are much higher
than the DHW ones. This is mainly due to the higher internal
loads and the higher requirements of air ventilation in the
office. Moreover, the DHW demand of the office is low, and
can be covered with 20 m” of RCE. Finally, the hotel typology
has a higher DHW demand than the office. This high DHW
demand requires a large amount of RCE installed surface
(100 m?) to have reasonable coverage, leading to higher
cooling coverage than the office. On the other hand, the
cooling energy demand is also higher than in the office since
the use of natural ventilation in this building typology is not
considered.

Analyzing the different building typologies, one can see
that for residential buildings the cities with low cooling
demands match better with the new RCE concept. Other
cities require a lot more RCE installed surface to cover a
significant part of the cooling demand.

The office is the less suitable building typology due to its
high cooling demand combined with low DHW demand. This
scenario requires using the RCE mainly in radiative cooling
operation mode, and thus not taking benefit of its use in solar
thermal collector operation mode.

Finally, the hotel is an intermediate case between
residential buildings and the office because of its high DHW
demand. However, for the warmest cities it may be better
using the RCE mainly in the radiative cooling operation
mode and reducing its use as solar thermal collection to avoid
excess heat.

A parametric analysis of the DHW coverage was
performed to observe how the different energy coverages
change with the installed surface. For the sake of clarity just 3
cities (Ottawa, Cape Town and Teheran) are shown, accord-
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Figure 3. Annual energy demand, production and percentage of coverage for
16 cities and per square meter of conditioned surface considering an installed
surface of Radiative Collector and Emitter of: 5 m? for the single-family house;
30 m? for the multi-family house; 20 m? for the office; 100 m? for the hotel.

ing to different weather conditions (cold, mild and warm)
(Figure 4).

A constant relation between DHW coverage and installed
surface is observed in Figure 4. There is a turning point
beyond which the required surface increases drastically.
Therefore, the optimal coverage is close to this point which is
located approximately between 50-75% of DHW coverage.
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Figure 4. Parametric analysis of Domestic Hot Water and cooling coverage
against installed Radiative Collector and Emitter surface for building typology
in Ottawa (top), Cap Town (middle) and Teheran (bottom).

This optimal point agrees with some policies of minimum
solar coverage of DHW demand in some countries."” Based
on this result, the cooling energy savings when an installed
surface of RCE covers at least the 75 % of DHW demand are
presented for all 16 initial studied cities. An indivisible RCE
unit of 2 m” of surface is considered. A world map for each
building typology with the cooling savings is shown in
Figure 5 with the corresponding data presented in Table 4.
From the results shown in Figure 4 and 5 and presented in
Table 4, it is observed that there exists a significant potential
for RCE technology to cover the DHW and cooling demands.
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Figure 5. Cooling savings for an installed Radiative Collector and Emitter
surface to cover a minimum of 75 % of Domestic Hot Water demand for the
studied locations (based on Radiative Collector and Emitter units of 2 m? of
surface).

Therefore, to determine the cities and building typologies
with higher potential for RCE implementation, a common
criteria was defined (Table 5). The present study aimed at
getting the maximum benefit of the RCE concept, thus using
it both as solar thermal collector and radiative cooling.
Therefore, a minimum DWH coverage of 75% and a
minimum cooling coverage of 25 % were defined as common
criteria. Other climates or cities may also be suitable for RCE
implementation although they may get benefits mainly from
either solar thermal collection or radiative cooling, but not
both.

Table 5 presents the different cities meeting the criteria,
as well as the climate zone where they belong. The results
evidence a significant difference between residential and
commercial buildings, especially the office which is the most
different building typology. Residential buildings show more
suitability due to the more balanced demand between heat
and cold. Hotel typology presents a similar behavior to
residential buildings. On the other hand, office buildings show
suitability in relatively cold climates, where cooling demands
are low.

The cities presenting most potential in terms of demand
coverage are presented in Table 5. Although the extrapola-
tion from cities to climates is not direct, the cities located in
climates presented in Table 5 may present a higher potential
in terms of demand coverage than the other ones. However,
other locations may also present important absolute energy
savings with low demand coverages. As an example, the
results from Cape Town and San Francisco can better explain
the debate. A single-family house in San Francisco presents
high cooling demand coverage (100%), whereas in Cape
Town it presents a lower coverage (32 %). However, Cape
Town produces much more cooling energy savings (2.57 GJ vs
1.07 GJ) when both have the same RCE installed surfaces.
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Table 4. Domestic Hot Water /Cooling c ge and savings for an installed Radiative Collector and Emitter surface covering a minimum of 75 % of Domestic
Hot Water demand for the studied locations (based on Radiative Collector and Emitter units of 2 m? of surface).
Single-Family Multi-Family Office Hotel
Surface DHW Cooling Surface DHW Cooling Surface DHW Cooling Surface DHW Cooling
(m? savings savings (m?) savings savings (m?) savings savings (m? savings savings
(G))and  (GJ) and G))and  (G)) and (G))and  (GJ) and (G))and  (GJ) and
coverage  coverage coverage  coverage coverage  coverage coverage  coverage
(%) (%) (%) (%) (%) (%) (%) (%)
Singapore 2 6.36 0.12 18 64.99 ™ 10 36.24 0.62 82 296.04 5.06
100% 0% 79% 0% 88% 0% 75% 0%
Caracas 2 6.86 0.41 16 68.21 3.30 8 34.24 1.65 72 306.96 14.84
99% 1% 77% 0% 83% 0% 75% 1%
Riyadh 2 5.91 1.91 20 68.06 17.84 8 33.34 8.78 74 309.62 81.12
84% 3% 76% 4% 80% 1% 75% 6%
Denver 4 11.40 1.65 46 135.98 19.78 14 40.52 6.96 150 467.28 96.73
79% 18% 76% 21% 75% 2% 75% 22%
Teheran 4 10.32 1.55 30 106.56 14.60 10 39.48 4.74 104 401.93 79.28
91% 6% 75% 6% 76 % 1% 76% 10%
Rome 4 9.18 1.74 50 114.55 2213 16 40.52 6.96 168 415.86 132.82
76% 15% 76% 21% 75% 2% 75% 20%
Perth 4 10.17 2.49 30 104.52 20.12 12 40.83 8.83 94 395.66 117.22
92% 19% 76% 17% 80% 3% 76% 18%
San Francis- 4 11.40 1.07 38 126.97 1230 14 45.15 10.08 128 445.23 148.20
co 84% 100% 76% 1009 79% 44% 75% 60%
Cape Town 4 11.03 2.57 30 12.21 21.37 12 42.91 13.76 106 409.68 143.82
88% 32% 77% 29% 81% 10% 75% 29%
Brisbane 2 7.55 1.51 26 97.06 21.92 10 37.77 8.81 96 37213 99.85
75% 9% 77% 13% 77% 2% 75% 1%
Tokyo 4 12.78 1.54 48 125.98 13.87 16 43.54 4.69 164 445.57 80.47
95% 18% 76 % 16% 76% 2% 75% 15%
Johannesburg 4 11.60 2.43 28 118.65 30.45 10 42.41 1212 98 417.82 156.04
96% 37% 79% 33% 79% 9% 76% 28%
London 10 11.81 1.94 106 137.94 26.55 34 45.74 10.63 350 510.95 157.65
80% 88% 75% 84% 76 % 28% 75% 75%
Pyongyang 3 13.19 1.60 54 138.45 14.25 18 47.60 6.02 174 472.06 87.63
90% 16% 76% 15% 79% 2% 75% 17%
Chicago 6 12.27 1.99 62 13714 21.43 20 46.30 8.28 198 468.97 97.90
84% 17% 75% 19% 77% 2% 75% 21%
Ottawa 6 13.53 1.53 70 157.30 19.35 22 50.31 6.23 222 519.11 90.27
80% 28% 75% 32% 77% 5% 75% 32%
Table 5. Criteria values and suitable cities and climates.
Single-Family Multi-Family Office Hotel
Min. Cooling cover- 25%
age
Min. DHW coverage 75%
Cities accomplishing  San Francisco, Cape Town, Johan- San Francisco, Cape Town, Johan- San Francis- San Francisco, Cape Town, Johan-
criteria values nesburg, London, Ottawa nesburg, London, Ottawa co, London nesburg, London, Ottawa
Climates of suitable Csb, Cwb, Cfb, Dfb Csb, Cwb, Cfb, Dfb Csb, Cfb Csb, Cwb, Cfb, Dfb
cities
(Képpen-Geiger clas-
sification)
Conclusions cold. For the Single-Family, Multi-Family, and Hotel building

In the present work the building integration potential of a
new concept, the Radiative Collector and Emitter (RCE),
was presented. To determine the heat and cold production a
simplified model was used.

The results showed that in several cities located in
different Koppen-Geiger climate classification regions the use
of the RCE concept in residential and commercial buildings is
suitable, and the building demand will take advantage from
the combined capacity of the RCE to produce both heat and

Energy Technol. 2018, 6, 2200-2209

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

typologies, a minimum coverage of 25 % of cooling and 75 %
of DHW is achieved in five of the studied cities (San
Francisco, Cape Town, Johannesburg, London, and Ottawa),
representing four climate zones (Csb, Cwb, Cfb, Dfb). On the
other hand, the Office building typology achieves these levels
of coverage in only two of the studied cities (San Francisco
and London), representing two climate zones (Csb, Cfb).
Other studied cities showed less benefit from the use of
RCE, since either heat or cold were the major demand. The
conditions were not suitable to make use of the combined
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capacity to produce heat and cold because mainly one
demand was required.

Therefore, to take full advantage of the RCE concept, an
appropriate ratio between cooling and DHW demand is
required. This ratio depends on the climate but also on the
building typology. Some climates are not adequate because
they are either too hot or too cold to meet both requirements.
Therefore, only one technology (radiative cooling for hot
climates or solar thermal collection for cold climates) is
mainly required, being the other less needed or unnecessary.
Regarding building typologies, those with a constant demand
of heat during the whole year, such as DHW, make RCE
more suitable, since both heat and cold production can be
used.

The potential presented in this paper outlined a first
approach to determine in which combinations of climates and
building typologies this novel RCE concept may be imple-
mented. However, further research should be done in the
development of a more detailed numerical model of the RCE
concept. This model could then be used for economic viability
studies in certain locations.

Nomenclature

clf Opaque fraction of the sky [—]

Eradi:ﬂor.monl]\

Monthly radiative cooling energy [—L}

m=-month

Esola r,month

Monthly solar thermal collection energy [#]

m=-month

GHI 2
Hourly average global horizontal irradiation [%]

P

solarnet

Hourly average solar radiation power [H

Pmdhmr net 2 . w
Hourly average radiative cooling power [;]

Tbint Ambient temperature [°C]

it Temperature of the radiator surface [°C]

T Dew point temperature [°C].

At Time step [h]

I— Emissivity of the radiator (ideally €,,40r=1) [—]
iy Effective sky emissivity [—]

€y Sky emissivity under clear sky conditions [—]

Nye solar collector performance ratio [—]

= Stefan-Boltzmann constant [;,%7]
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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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Ambient air (A)

Cover (c)
Air gap (a)
Radiator plate (1)
=) Pipe (2)
Insulation (3)
Water flow

(wi=inlet, w2=outlet)

Ambient air (A)

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 um, 4-7 pum, 7-
14 pum, and >14 um) to represent better the solar radiation (0.3-4 um), the infrared
radiation (4-50 um), but especially the infrared atmospheric window range (7-14 pum), 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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Sun Sky
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\ 74

Radiator plate

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 2 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 um, 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 Il, IV and V1, by presenting, in paper
3, anumerical model to simulate an RCE device. This numerical model adapts to the flat-

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

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 (V1). Also, by identifying the
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most influencing parameters for radiative cooling, the paper studied suitable radiation
properties for both technologies (I1).

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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Radiative cooling is a renewable technology that can complement or partially replace current cooling
technologies. Coupling radiative cooling with another technology, such as solar collection could foster its
development and implementation in the market. Therefore, a numerical model capable to simulate the
behavior of a coupled radiative cooling and solar collection system is developed and presented in this
paper. The model is validated with experimental data for both solar collection and radiative cooling
operation, and a sensitivity analysis is performed in order to determine the most influencing parameters.
Results show the potential of the device to perform the double functionality: solar thermal collector and
radiative cooler. As expected the heating power (17.11 kWh/m?) is one order of magnitude higher than
the cooling one (2.82 kWh/m?). The sensitivity analysis determined the existence of an important role
played by 5 parameters (air gap thermal conductivity, absorptivity/emissivity of the radiator at 7—14 um
wavelength range, transmissivity of the cover material 2 at 7—14 um wavelength range, water inlet
temperature, and water inlet flow) and 4 combinations of these parameters in the radiative cooling
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1. Introduction

The building sector is a growing sector that accounts for 40% of
total energy consumption in the European Union [1], therefore
bound to increase its energy consumption in the coming years.
Consequently, new environmental and energy policies should be
focused on energy efficiency and on increasing the renewable en-
ergy production, being these criteria fundamental for the future to
come. An important role lies on space conditioning (space heating
and cooling) that significantly contributes in the building energy
budget (65% [2]) and on domestic hot water (DHW) (13.8% [2]).

When talking about renewable energy sources for space heating
and DHW, solar thermal energy comes to mind [3]; however there
is no renewable space cooling technology or energy source with the
equivalent potential and market implementation like solar collec-
tion. In fact, even though there exist a few renewable cooling
sources they present significant limitations [4].

Nowadays, compression and absorption heat pumps are the
main existing technologies for cooling purposes [5]. Compression

* Corresponding author.
E-mail address: albert.castell@udl.cat (A. Castell).
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0360-5442/© 2020 Elsevier Ltd. All rights reserved.

69

heat pumps are the most common cooling devices. Although
compression heat pumps are considered as a renewable source
under certain circumstances [6,7], they consume high amounts of
electricity. On the other hand, whereas absorption heat pumps may
use solar energy as driving heat [8], they present some important
disadvantages, such as not being available for residential applica-
tions, having low overall efficiencies, requiring high operation
temperatures, and needing large cooling towers [9].

Alternatively, radiative cooling is a renewable cooling technol-
ogy that can complement or partially replace current cooling
technologies. Radiative cooling uses the sky as heat sink by taking
advantage of its effective temperature lower than ambient tem-
perature [10]. Energy is dissipated to the sky taking advantage of
the infrared atmospheric window (7—14 pm) that allows some
infrared radiation pass directly to space without intermediate ab-
sorption and re-emission [11-13].

The technology readiness level (TRL) of radiative cooling is still
low (2—3 over 9, at the step of technology validation/demonstra-
tion). A lot of research on radiative cooling has focused on the
development of prototypes and numerical models [14], as well as
selective materials [15—18]. Zhang et al. [ 19] developed a numerical
model to study the economic viability of a hybrid radiative cooled-
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cold storage cooling system under different climatic conditions.
They determined the incremental cost of the system to be viable
considering an 8-year payback period. Zhao et al. [20—22] devel-
oped a numerical model to simulate a building integrated
photovoltaic-radiative cooling system. They concluded that the
new concept presents lower electrical efficiency than conventional
Building Integrated Photovoltaic (BIPV). However, no commercial
device has reached the market due to its low available power
density (between 20 and 80 W/m? [23], with peak values of 120 W/
m? [24]). Consequently, some improvements are needed in order to
make radiative cooling feasible.

A potential solution is to couple radiative cooling with another
technology, such as solar collection. The new device would be
capable to produce both heat and cold. This combination might
reduce the manufacturing and energy production costs that two
separate devices would have, thereby improving its market feasi-
bility. Although these two technologies use radiation with different
wavelengths and it may seem contradictory to merge both func-
tionalities, this coupling is possible as they are not overlapping
technologies in terms of operational time, so there is no interfer-
ence between them. This concept of combining radiative cooling
and solar collection in a single device is mentioned in the present
paper as Radiative Collector and Emitter (RCE). From our knowl-
edge, this concept has scarcely been numerically modeled in the
literature. Although there exist some TRNSYS types for solar
collection (Types 1 and 45), and for PV/T (Types 50, 250 and 560,
among others), most of them do not take into account the radiative
cooling effect. None of the previous TRNSYS types seems likely to be
used for RCE simulation. Solar TRNSYS types that take into account
incoming infrared radiation do it by using the sky temperature to
imprecisely evaluate it. The same applies for PV/T TRNSYS types.
Although in a recent published research, a model combining these
two technologies was presented [25], it was not capable to simulate
the use of an adaptive cover that can change its optical properties,
nor having a movable cover that can change between two materials
with different optical properties, as the present model does. No
previous research has been conducted into the development of a
numerical model coupling solar collection and radiative cooling in
the same model having the aforementioned ability. This novelty
may entail a big step toward the evaluation of this technology and
to further improve its performance. This is the purpose of the
present paper.

Moreover, new improvements in the modelling of the radiative
cooling are introduced in this paper. The way of treating the
incoming radiation in the present paper differs from the numerical
modelling of radiative cooling in the literature, where the incoming
infrared radiation was considered as a whole value and empirical
correlations were used to estimate it [24—-32]. The correlations
were in general used to calculate the sky temperature [24,27—29]
and/or the sky effective emissivity [24,26,28—32] and in some cases
the cloudiness effect as well [24,26,28,31,32]. However, some
research discussed between the different correlations in the liter-
ature [24,31,32], thus proving the lack of consensus on which cor-
relation to use. Alternatively, other research were conducted to take
into account the wavelength of the radiation [33,34] by using
analytical expressions which led to accurate results but tougher
models. In the present research, the radiation is discretized for
different wavelength bands to take into account the different op-
tical properties of the materials and also the different amount of
incoming radiation from each band. Additionally, measured data of
the incoming infrared radiation are used for model validation
instead of using empirical correlations.

To summarize, the present work deals with the development of
a numerical model capable of evaluating solar collection and
radiative cooling in the same device. This numerical model, which

additionally takes into account the radiation at different wave-
lengths, is implemented in TRNSYS. Finally, a sensitivity analysis is
performed to determine the strong parameters of the system for
the radiative cooling mode.

2. RCE background

In this paper, the RCE concept is presented as a single device
capable of producing heat and cold. Previously, Erell and Etzion
2000 [29] and Matsuta et al., 1987 [35] evaluated the capability of
solar collectors to produce radiative cooling. Similarly, Erell and
Etzion 1996 [36] evaluated the capability of a radiative cooling
device to produce heat. However, the RCE concept is designed from
the beginning, to produce both heat and cold. This commitment
entails the use of some strategies in its design to allow the gener-
ation of such different energy products.

The RCE device was designed to have a similar architecture to a
flat plate solar thermal collector, having an absorber/emitter sur-
face and a cover/screen on top of it. The main difference is that it
was also designed to be capable of working in two non-
simultaneous operating modes: solar collection mode and radia-
tive cooling mode (Fig. 1), producing heat or cold, respectively.

To be able to operate under these different modes, the RCE in-
corporates a movable cover. This cover is composed of two different
sections made of different materials. The section of the cover used
for the solar collection mode lets solar radiation pass through and
blocks mid and far infrared radiation. On the contrary, the section
used for radiative cooling lets thermal radiation pass through. The
movable cover consists of a sliding section (material used for solar
collection) which slides apart during night.

These general considerations were taken into account when
characterizing the numerical model of a novel RCE device.

3. Numerical model

The RCE concept as described above was implemented in a
numerical model which is presented here.

3.1. Description of the simulated system

Fig. 2 contains a schematic view of the RCE. The architecture of
the RCE is similar to the architecture of a flat plate solar collector. A
radiator plate (1) collects or emits energy through radiation. A pipe
(2) is welded at the back side of the radiator plate to transfer the
heat to/from a fluid. The plate is insulated on the back side with
insulation foam (3). On the front, the plate is separated from the
external ambient with an air gap (a) and a screen (c).

day mode night mode
RCE
movable cover
N A 4
Solar Radiative
collection cooling
Heating Cooling

Fig. 1. Block diagram for the operation of the RCE concept.
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Ta Ambient air (A)
Je
R
Ec\ B Rec Screen (c)
AN Y

Air gap (a)

Radiator plate (1) |

Pipe (2)
Insulation (3)

Water flow
(wl=inlet, w2=outlet)

Ambient air (A)

Fig. 2. Sketch of the model and 1D resistance-capacitance thermal model.

3.2. Resistance-capacitance thermal model

3.2.1. Architecture of the model

The system was discretized in several nodes using one dimen-
sion (1D) relations based on an electrical analogy to simplify the
modelling. Although the use of a two or three-dimension approach
may improve the accuracy of the results, the computational time
would be much larger and the model implementation on TRNSYS
would be much less flexible. Moreover [37], used the 1D dis-
cretization method to model a similar system achieving sufficiently
accurate results.

The equivalent resistance network of the model is shown in
Fig. 2. There is one temperature node for the screen (c), the RCE
surface (1), the pipe (2) and its internal (outlet) fluid (w2), and the
back insulation (3). The fluid enters the pipe at temperature T,,;.

The relations between the nodes are based on basic heat
transfer equations. Each node has a thermal capacity (Eq. (1)) and
each relation between nodes is represented by a thermal resistance
(Eq.(2),Eq.(3)). Eq. (1) and Eq. (2) are presented per unit of length.
Eq. (3) represents the thermal resistance between the fluid at the
outlet of the pipe (node w2) and a fictitious node (w1) which
represents the fluid at the inlet of the pipe. This fictitious node is
used to introduce a second dimension required in the model to
determine the heat flux between the inlet and the outlet of the
pipe. Thus, this node has no capacitance, and can be considered as
an input to the model.

G =pi- Cpg Vi [ﬁ] for Cs G, Cz. G and Cu2 Eq. 1
By - [T;’f]for Rac,Rc1,Rsa and R Eq. 2
i ShiA | W Ay R R w2 .

1 K
Ruowi = »-Cp-Qu [V—v] Eq. 3

To determine some of the thermal resistances the convection
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heat transfer coefficient is needed. The Nusselt number (Eq. (4)) is
obtained from well-known empirical correlations [38]. Four con-
vection phenomena between five surfaces are considered: cover
upper surface with ambient air (forced convection: Eq. (5) [39] and
Eq. (6) [38], natural convection: Eq. (7) [40,41] and Eq. (8) [42,43],
cover lower surface with radiator upper surface (Eq. (9) [44] and Eq.
(10) [44]), pipe inner surface with water flow (Eq. (11) [45]and Eq.
(12) [46]) and collector lower surface with ambient air (forced
convection: Eq. (6) [38], natural convection: Eq. (7) [40,41] and Eq.
(8) [42]).

h-L
&

For a flat plate with external flow and forced convection Eq. (5)
and Eq. (6) are used.

Nusselt number: Nu= Eq. 4

Laminar flow : Nu, =0.664-Re//?-Pr'/3 Eq.5
Mixed flow(Turbulent+ laminar flow)
:Nug = (0.037 -Re5 - 871) pris3 Eq. 6

For a flat plate with natural/free convection Eq. (7) and Eq. (8)
are used.

Upper surface of Hot Plat/Lower Surface of Cold Plate:

/ Eq.7
Nu, =0.54-Ra}’* .

Lower Surface of Hot Plate /Upper Surface of Cold Plate:
Nu; =0.52-Ra}’®

For inclined rectangular cavities Eq. (9) and Eq. (10) are used.
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Heated from below :

Nup =1+1.44- (1 oo

Heated from above :

Nuy — 1 Eq. 10
For forced internal flow Eq. (11) and Eq. (12) are used.
Laminar : Nup =3.66 + M Eq. 11
1+0.04-Gz
Turbulent : Nup = 0.023 - Re?,/5 -Pr" (n=0.3 cooling,
n=0.4 heating)
Eq. 12

3.2.2. Conduction thermal resistances

Apart from the equations above, some of the thermal resistances
(R12, Ry3, and Ry3) were evaluated using a 2D heat transfer model (in
COMSOL Multiphysics) to take into account 2D effects in a 1D
resistance-capacitance model. Results are presented in section 5.1.
This model is based on the heat transfer equation in solids (Eq.
(13)).

aoT -
pCpgtV(kVT) +Q Eq. 13

The model consists of a radiator plate, a pipe and its union to the
radiator, and the insulation (Fig. 3).

The boundary conditions of this model are (Fig. 4): constant and
uniform heat flux at the upper surface of the radiator q'y, constant
and uniform temperature at the inner part of the pipe T,, constant
and uniform temperature at the lower surface of the radiator T,
and adiabatic boundary at the left and right side of the model
considering several identical parallel configurations. The model
computes the average temperature at the upper radiator surface Ty,
the heat flux at the top and bottom halves of the inner pipe q'2ypper
and q'yjower, and the heat flux at the bottom side of the insulation
q's.

Each resistance was calculated using Eq. (14), Eq. (15) and Eq.

 1708:(sin1.80°)] [ 1708 ]°
Ray-cos

Ray -cos 6 5_] Eq.9

5830

(16) for different scenarios (Table 3).

Rlz—T.‘ il Eq. 14
qZ.upper

Ri3 = Bi—U Eq. 15
A3 = 95 jower

R23:T.2 = Eq. 16
qz.lowcr

3.2.3. Radiation model

Radiation heat fluxes concern the screen (c), the radiation plate
(1), the sky and the Sun (Fig. 5).

These radiation heat fluxes are introduced in the heat balance
equations in the form of net radiation heat fluxes Q. The net ra-
diation heat flux density is the difference between the irradiation E.
and the radiosity Je (Eq. (17)). The radiosity is the sum of the
emitted radiation, the reflected irradiation and the transmitted
irradiation (Eq. (18)). The irradiation of a surface is the sum of the
irradiations coming from other surfaces (Eq. (19)).

Gr=Ee —Je = [[Eesdh— [Jesh Eq. 17
0 0
Jei=6"0-T{ 4 py-Eoj + 7i-Eg Eq. 18
n
Ei= ZFij Jej Eq; 19
=

The heat fluxes were calculated doing a radiation balance be-
tween each surface (subscript ‘') and the rest of surfaces (subscript
‘'), taking into account the incoming radiation (Sun/sky) and the

—L3mm

30 mm

®10mm

Fig. 3. Model geometry in COMSOL Multiphysics.
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,—> Temperature T, ,% Heat Flux q,
IO Heat FIuX 'z ypper
—> Temperature T,
Heat Flux q'; jouer

Adiabatic Iﬁ Temperature Ty

N |_>
Adiabatic Heat Flux q'5

Fig. 4. Important boundary parameters of the model.

m
Sun
Screen (c)

Radiator plate (1) ]

Fig. 5. Radiation model scheme.

outgoing radiation (emitted, reflected, transmitted) (Eq. (17), Eq.
(18), Eq. (19) and Fig. 5).

In the model, the radiation balance is done for 4 different
wavelength bands (0—4 pm, 4—7 pm, 7—14 pm and >14 pm).
Moreover, the model also allows the use of 2 different materials as
cover. Thus, the model distinguishes between different wavelength
bands, with special care for the infrared atmospheric window
(7—14 pm), to fully integrate the double functionality between solar
collector and radiative emitter. The model needs data measure-
ments (or data estimations) of solar radiation (<4 pm) and infrared
radiation (>4 pm).

3.2.4. Internal procedure

A heat balance equation is built for the 6 nodes of the model. The
heat balance equations are first order ordinary differential equa-
tions in time. The model solves numerically the differential equa-
tions using backward Euler method (or implicit Euler method)
providing the agility of a first-order numerical procedure for solv-
ing ordinary differential equations and avoiding numerical insta-
bility of methods that require small time steps. To solve the systems
of equations the Gauss-Seidel iterative method is used.

The coupling of both technologies required the creation of two

operational modes: solar collection mode and radiative cooling
mode. In each mode, the cover properties change according to the
material assigned to each mode (material 1 for solar collection/
material 2 for radiative cooling). Two internal protocols were set to
let the user choose between modes or allow the system to do it
automatically. By default, the model operates under solar collection
mode when there is solar radiation and the collector is heating up
the water, and under radiative cooling mode for the rest of
situations.

3.3. Experimental setup

In order to experimentally validate the numerical model, an
experimental setup consisting of one solar collector (Fig. 6a), one
radiative cooler (Fig. 6b), two water tanks, a pump, and the control
and data acquisition systems was built. The radiative cooler con-
sisted on a solar collector where the glass screen was replaced by a
Polyethylene (PE) film, and the surface of the radiator was painted
black in order to adapt it to the required characteristics for radiative
cooling.

The solar collector used was 2 m long, 1 m wide and 80 mm high,
with transparent 3 mm thick glass and 30 mm glass wool back
insulation. The collector also had 8 copper pipes of 8 mm diameter
and 0.6 mm thick. The radiative cooler had the same physical
properties with a 0.6 mm thick polyethylene film instead of the
glass.

For the sake of simplicity, two separate devices were used
instead of a single RCE device. This was sufficient to provide ac-
curate data for model validation, which was the main objective of
this research.

The experimental setup had four temperature sensors (Pt-100,
with an accuracy of 0.045 °C) to monitor the inlet and outlet water
temperature of the solar collector and the radiative cooling device.
The flow rate was measured with two flowmeters; one for the solar
collection mode (Badger Meter — Primo Advanced, 0.25% accuracy),
and another one for the radiative cooling mode (Schmidt Mess —
SDNC 503 GA-20, 4% accuracy). In addition, air temperature and
solar radiation data were extracted from a weather station near the
installation. The incoming infrared radiation was measured using a

Fig. 6. a) solar collector b) modified solar collector used as radiative cooling device.
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Table 1

Parameters and inputs of the RCE model.
Parameters Standard value Unit OAT*
1 Distance between pipes 0.125 m
2 Pipe length 2 m
3 Air gap thickness 0.03 m
4 Radiator thickness 0.003 m
5 Pipe inner diameter 0.008 m
6 Pipe wall thickness 0.0006 m
7 Insulation thickness 0.03 m
8 Radiator plate thermal conductivity 400 W/m-K
9 Radiator plate density 8933 kg/m?
10 Radiator plate specific heat 385 J/kg-K
11 Cover thickness material 1 0.0032 m
12 Cover thermal conductivity material 1 13 W/m-K
13 Cover density material 1 2200 kg/m?
14 Cover specific heat material 1 840 J/kg-K
15 Cover thickness material 2 0.0006 m
16 Cover thermal conductivity material 2 045 W/m-K
17 Cover density material 2 920 kg/m?
18 Cover specific heat material 2 1900 J/kg-K
19 Air gap thermal conductivity 0.026 W/m-K X
20 Air thermal conductivity 0.026 W/m-K
21 Air gap density 1.205 kg/m? X
22 Air specific heat 1007 J/kg-K
23 Air dynamic viscosity 1.821-10° N-s/m?
24 Air kinematic viscosity 1.511-10-5 m?[s
25 Air thermal expansion coefficient 0.00343 1/K
26 Fluid thermal conductivity 0.58 W/m-K
27 Fluid density 1000 kg/m?
28 Fluid specific heat 4192 J/kg-K
29 Fluid dynamic viscosity 0.001002 N-s/m?
30 Fluid kinematic viscosity 1.006-10°¢ m?[s
31 Insulation thermal conductivity 0.035 W/m-K
32 Insulation density 24 kg/m?
33 Insulation specific heat 1500 J/kg-K
34 Radiator solar absortivity 0.8 - X
35 Radiator 4—7 pm absortivity 0.8 - X
36 Radiator 7—14 pm absortivity 0.8 - X
37 Radiator >14 pm absortivity 0.8 - X
38 Radiator solar reflectivity 0.2 - X
39 Radiator 4—7 pm reflectivity 0.2 - X
40 Radiator 7—14 pm reflectivity 0.2 - X
4 Radiator >14 pm reflectivity 02 = X
42 Cover solar absortivity material 1 0.1 —
43 Cover 4—7 pm absortivity material 1 0.8 -
44 Cover 7—14 ym absortivity material 1 0.8 -
45 Cover >14 pum absortivity material 1 0.8 .
46 Cover solar transmissivity material 1 038 =
47 Cover 4—7 pm transmissivity material 1 0 -
48 Cover 7—14 pm transmissivity material 1 0 —
49 Cover >14 pm transmissivity material 1 0 =
50 Cover solar reflectivity material 1 0.1 -
51 Cover 4—7 pm reflectivity material 1 0.2 —
52 Cover 7—14 um reflectivity material 1 0.2 -
53 Cover >14 pm reflectivity material 1 0.2 -
54 Cover solar absortivity material 2 0.1 - X
55 Cover 4—7 pm absortivity material 2 0.1 - X
56 Cover 7—14 ym absortivity material 2 0.1 = X
57 Cover >14 pm absortivity material 2 0.1 - X
58 Cover solar transmissivity material 2 08 — X
59 Cover 4—7 pm transmissivity material 2 0.8 — X
60 Cover 7—14 pm transmissivity material 2 0.8 - X
61 Cover >14 pum transmissivity material 2 0.8 - X
62 Cover solar reflectivity material 2 0.1 — X
63 Cover 4—7 pm reflectivity material 2 0.1 - X
64 Cover 7—14 pm reflectivity material 2 0.1 - X
65 Cover >14 pm reflectivity material 2 0.1 = X
66 Number of parallel pipes 1 -
Inputs
1 Water inlet temperature 293 K X
2 Water inlet flow 1.67-10 ° m’[s X
3 Ambient temperature - K
4 Wind velocity - m/s
5 Global horizontal solar radiation - W/m?
6 Global horizontal infrared radiation e Wim?

¢ Variables used in the One-step-at-a-time (OAT) analysis.
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Fig. 7. Quartz glass optical properties [53].

Table 2
Summary of the optical properties for glass and polyethylene (PE) used in the model.
0—4 um 4-7 pm 7—14 pm 14 ym <
Glass PE  Glass PE  Glass PE  Glass PE
Transmissivity 080 0.80 0 080 0 080 0 0.80
Emissivity/absorptivity 0.10 0.10 0.80 0.10 0.80 0.10 0.80 0.10
Reflectivity 0.10 0.10 020 010 020 0.10 020 0.10

FTIR transmittance and reflectance
spectra of high-density polyethylene foil

Ry

transmittance

i 1o reflectance
- e =
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Fig. 8. Polyethylene optical properties [54].

Pyrgeometer (LP PIRG 01 — DeltaOhm, 5% accuracy) placed near the
experimental setup.

The model was validated for both solar collection mode and
radiative cooling mode. Results are presented and discussed in
section 5.2. Model validation.

4. Sensitivity analysis

A sensitivity analysis can identify the most influencing inputs
and parameters to extract relevant conclusions of the system, such
as to determine the robustness of the system, to simplify the model,
to find optimal operational parameters values, etc. Additionally, the
sensitivity analysis may discover possible interactions or crossed
effects between different inputs. In the present research, the
sensitivity analysis was used to identify the most influencing pa-
rameters, to find the optimal value of some operational parameters
and to discover crossed effects between parameters. The sensitivity
analysis was only performed for the radiative cooling parameters
and inputs, since this type of analysis have already been done for
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solar collection [47—51] but not for radiative cooling.

To do so, factorial designs are the most efficient when analyzing
the effect of two or more factors or inputs. Among them, the 2k
design is particularly useful because it provides a complete factorial
design with the smallest number of simulations [52].

Table 1 presents the different parameters and inputs for the RCE
type (66 parameters and 6 inputs).

The optical properties play an important role in the radiation
balance; therefore, accurate data is required to characterize the
radiator and the cover in the specific ranges. In the reference case,
the optical properties used are glass for material 1/solar collection
mode (Fig. 7 and summarized in Table 2) and polyethylene (PE) for
material 2/radiative cooling mode (Fig. 8 and summarized in
Table 2).

The large number of inputs and parameters combined with the
duration of each simulation requires strong computational time
and resources. For that reason, a strategy to deal with this problem
and to perform the sensitivity analysis was used and is presented.

4.1. Preliminary screening

First of all, a preliminary screening was performed to reduce the
number of inputs and parameters by discarding the prototype-
related parameters (geometry and material properties) and un-
controllable inputs (solar radiation, infrared radiation, ambient
temperature and wind speed). This first screening may avoid
spending resources inefficiently.

The uncontrollable inputs have an obvious relation with the
thermal behavior of the RCE device. For instance, solar radiation is
directly related to the heating output of the system as well as the
infrared radiation to the cooling output. To some extent, ambient
temperature and wind speed also have a relation (a high ambient
temperature is better for heating while a low one is better for
cooling, the lower wind speed the better for both functions as it is
related to the convection losses).

4.2. One-step-at-a-time (OAT)

When required by the still large number of inputs, a One-step-
at-a-time (OAT)/Morris method analysis [55,56] was performed to
continue with the screening. This method evaluates the effect on
the output when changing the value of one input each time. To
establish which variables are relevant, the values of the two
sensitivity measures were evaluated for each factor. These two
measures are the mean of the distribution (") and the standard
deviation (o). In the present research the output is the cooling
production of the RCE device, and values higher than u* = 0.2 and
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o = 0.08 indicate an important overall influence on the output.

This is an easy and simple method to be performed as a basic
initial screening. However, this method may miss important in-
formation such as the influence and interaction between different
inputs.

43, 2¢ factorial design + analysis of variance (ANOVA)

Finally, a sensitivity analysis was performed using the 2K
factorial design. To analyze the results of the factorial design ex-
periments, an analysis of variance (ANOVA) is performed. With this
methodology the inputs or combinations of inputs statistically
significant are found.

Moreover, the 2% factorial design can be used to get the
regression model of an experiment or a numerical model. This
regression model gives the numerical model output as a function of
the input variables and combinations of different variables (as seen
in Eq. (20)).

Eq. 20

Y=Bo+_Bixi+ > > Bixixj +¢
= i<

1<)

This regression model is usually presented only with the main
or the relevant parameters or combination of parameters. The
regression model accurately represents the model performance
when the values of the parameters are within the range for which
they were proposed. This regression model can be used to optimize
the system performance.

Once the regression model was defined, the output optimization
could be performed. The optimization consisted in studying the
output variability for each group of related parameters to maximize
or minimize the output. This procedure consists on setting the non-
interacting parameters at the default value while changing the
value of the studied parameter/s. If there is no interaction param-
eter, the studied parameter is optimized according to the variable
coefficient(;). Otherwise, the parameters need to be optimized
with regard to its interaction parameters. To visually present that
optimization, a response surface graph or a contour surface plot
may be used. Results on the sensitivity analysis are described in
section 5.4. Sensitivity analysis.

Table 3
Parameter values for the different 2D model scenarios.

Working as radiative
cooling

Working as solar
collector

Scenario 1 2 3 4 5 6 7 8 9

Water inlet Temperature [°C] 20 15 20 15 20 15 35 50 60
Ambient Temperature [°C] 25:25 25 25 25 25 .25 25 25
Heat flux [W/m?] -50 =25 —-100 100 500

5. Results and discussions

In this section, the results of the 2D heat transfer model, the
experimental validation, and the performance of the RCE model are
presented, as well as the results of the sensitivity analysis and the
optimization of the RCE performance.

5.1. 2D heat transfer model

A 2D model of the radiator plate was developed in order to
evaluate the equivalent resistances (Fig. 9) and consider some 2D
effects in the 1D model. The results of the resistances are very
dependent on the specific design, then, for another configuration
(dimension, material, etc.), the equivalent resistances need to be
reevaluated.

The equivalent resistances were evaluated using Eq. (14), Eq.
(15) and Eq. (16), and the values of the heat flux and the temper-
ature differences were determined from the 2D model. The upper
surface heat flux, the pipe inner surface temperature and the bot-
tom surface temperature were the parameters that change ac-
cording to the different scenarios (see g, T, and T; in Fig. 4). These
scenarios include the device working as solar thermal collector and
as radiative cooling by changing the incoming radiation (q)),
different pipe temperatures (T,) for cooling and heating, and an
outdoor temperature (T3) to represent all possibilities regarding the
heat fluxes (Table 3, see Fig. 10 for reference direction for heat flux).

A mesh independency study was performed in order to reduce
the duration of the simulations and reduce the absolute error. The
absolute error (evaluated using Eq. (21)) and the total computing
time are presented in Table 4.

€= qvl =+ q’2.up z= q.Z,lower b q; Eq. 21

Riz
0
-0.01
-0.02 S T
H= T
-0.03 f i 1 .
a4l 11 1
-0.0 I N |
0.05 1l _ 1
R ———————— L ————_—_—_—_——=
R23

Fig. 9. Isothermal contours of the 2D model (COMSOL Multiphysics) with the equivalent resistances.
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Fig. 10. Heat fluxes reference direction.

Table 4
Absolute error, total computing time and mesh elements for different meshing.

Extremely coarse Coarser Normal Finer Extremely Fine
Absolute error [W/m] 0,02643 0,02690 0,02739 0,02776 0,000001
Time [s] 3 4 4 6 6
Mesh elements [—] 591 965 1442 1642 7871
Table 5
Thermal resistances and heat fluxes for the different 2D model scenarios.
Working as radiative cooling Working as solar collector
Scenario 1 2 3 4 ] 6 7 8 9
Ty [K] 293.10 288.11 293.13 288.13 293.04 288.05 308.25 323.67 339.21
T K] 293.15 288.15 293.15 288.15 293.15 288.15 308.15 323.15 338.15
T; K] 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15
q [W/m] —-6.25 -6.25 -3.125 -3.125 -125 —-125 12.5 62.5 125
q'2.upper [W/m] 5.642 5.065 ~2.525 -1.948 ~-11.878 11.301 11.216 59.143 119.592
q'2.10wer [W/m] -0.150 -0.303 -0.154 -0.307 -0.143 -0.296 0318 0.777 1212
q'3 [W/m] -0.758 —-1.488 -0.754 —1.484 —-0.765 —~1.495 1.602 4134 6.620
Ry3 [m-K/W] 8.31 8.48 8.36 8.51 821 8.43 7.86 7.60 7.59
Ryz [m-K/W] 8.83-10 ° 8.71-10 3 871-103 8.39-10 8.87-103 8.83:-10 2 8.88-103 8.89-10 ° 8.88-10 3
Rz3 [m-K/W| 3331 33.00 32.55 32,62 34.96 33.79 3145 32.17 33.00
Table 6 ’ empirical data from the experimental setup presented in section
1D equivalent resistances. 3.3. Experiments were performed from 31-07 to 04—08 in Lleida
o [m K} p [mK] 5 [m~l (ESP). The RCE model was adapted to the prototype and simulations
Blw 2w 2w were done using the same boundary conditions. The model was
8.15 8.77-10°3 32.98

From the results in Table 4, the resulting mesh consisted in 7800
triangular cells and the simulation absolute error was set to 1-1075,

Hereafter, the different cases were simulated (Table 5), and the
average values were calculated. Results are presented in Table 6.

Results from Table 6 are consistent to the ideal behavior. On the
one hand, there is high thermal resistance between the radiator
surface and the bottom as well as between the pipe and the bottom
because of the insulation. On the other hand, there is very low
resistance between the radiator surface and the pipe because of the
high thermal conductivity of metals such as copper or steel. The
thermal resistances presented in Table 6 were used in the RCE
model.

5.2. Model validation

An experimental validation of the model was done using
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validated comparing the predicted outlet water temperature to the
measured one.

Fig. 11 presents the main inputs/outputs of the model with
special attention to the water inlet temperature and both the
experimental and numerical water outlet temperature. The model
results present the same behavior as the experimental ones,
therefore validating the model for solar collection and radiative
cooling.

Although in the validation experiments two different devices
were used (solar collector and radiative cooler), in Fig. 11 the results
for both modes are presented together bearing in mind that this
would be the behavior of an RCE device. The change in the opera-
tion mode is observed at 8 h and 20 h. In order to obtain accurate
results, the transition period from one operation mode to the other
one was not considered in the evaluation (7—9 h and 19—-21 h).

For both modes, the MBD (Mean Bias Difference, Eq. (22)) and
the RMSE (Root Mean Square Error, Eq. (23)) between the real
outlet temperature and the one predicted by the model were
calculated (Table 7).
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Fig. 11. Input parameters, experimental and numerical outlet temperature.
Table 7
MBD and RMSE for both modes. g oL oD
RMSE= |- (._ ) Eq. 23
Solar Collection Radiative Cooling n ]:ZI Yi=JYi a
MBD -0.19 0.05
RMSE(6) 032 0.40 The MBD is —0.19 °C for the solar collection mode and 0.05 °C for

the radiative cooling mode, showing a small dispersion of the re-
sults. The RMSE is 0.32 °C for the solar collection mode and 0.40 °C

for the radiative cooling mode, thus validating the model.
n

-1 3:0-5)
=

Eq.22 5.3. Reference case

As for the next sections 5.3 Reference case, 5.4 Sensitivity
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Fig. 12. RCE performance during 3 summer days.
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Table 8
Variables used in the OAT method and variables analyzed in ANOVA.
Name Units Default Value Higher value Lower value OAT sensitivity ANOVA variables
measures
nt G
Air gap thermal conductivity W/m-K 0.026 0.05 0.001 466 3.62 X
Air gap density kg/m? 1.205 2 0.001 -0 ~0
Radiator absorptivity solar - 0.8 0.95 0.7 1,31 0.047 X
4—7 pm 0.06 0.002
7-14 qum 13.23 0.12 X
>14 um 0.10 0.005
Radiator reflectivity” solar = 0.2 03 0.05 =3 =
4-7 um - -
7-14 ym = =
>14 pm - =
Cover absorptivity material 2 solar - 0.1 0.2 0.05 0.09 0.002
4-7 pm 0.01 0.001
7-14 um 0.60 0.206 X
>14 pm ~0 ~0
Cover transmissivity material 2 solar - 0.8 09 0.7 0.99 0.553 X
4-7 pm 0.05 0.026
7—-14 um 9.86 5.513 X
>14 ym 0.08 0.043
Cover reflectivity” material 2 solar — 0.1 0.25 0.05 - —
4-7 pm - -
7—-14 ym - -
>14 um - -
Water inlet temperature K 293 310 280 1.72 0.55 X
Water inlet flow m¥s 1.67-10°5 1,67-1074 1.67-10°6 61960 104483 X

¢ Indirectly taken into account by others parameters.

analysis and 5.5 Optimized case, the data used comes from the
meteorological station of the Group of Environmental Physics of the
University of Girona placed in Girona (Spain, 41.96° N 2.83° E, 110 m
asl, Cfa climate). There, the meteorological data required is
continuously recorded, and in consequence, longer periods could
be analyzed.

Fig. 12 presents the performance of the RCE model during 3 days
in summer. Since this paper deals with the RCE model and not with
the space conditioning system the water inlet temperature was
assumed to be at constant temperature, although in a complete
system water would come from the storage tank. The cover mate-
rial changes automatically between modes (solar collection mode
and radiative cooling mode) when no more heat or cold is produced
according to the mode. The rest of inputs and parameters are set at
default value (Table 8).

Results show the potential of the RCE to perform the double
functionality, solar collection and radiative cooling. For the pre-
sented period, the solar thermal energy collected is 17.01 kWh/ m?
and radiative cooling energy is 0.88 kWh/m?. As expected, the
heating power is one order of magnitude higher than the cooling
one; however, while the heating power follows the solar radiation

curve, the cooling power remains almost constant during the whole
night.

5.4. Sensitivity analysis

Once the model was defined and validated, a sensitivity analysis
was performed by using ANOVA with the results of a 2k factorial
design, and considering the total cooling energy produced as the
target variable. The model has a large number of parameters and
inputs (Table 1); therefore, to reduce the number of simulations, a
first preliminary screening was done, reducing them to 24. After
this first screening, an OAT sensitivity analysis was performed
concluding that 8 of these 24 input variables were relevant or
significant variables according to its two sensitivity measures
(Table 8).

Finally, an ANOVA analysis was performed for the remaining 8
variables (Table 9), showing that 5 parameters and 4 combinations
of these 5 parameters were important or relevant (p-value < 0.05)
to the output:xy, X3, Xg, X7, Xg. X1X7, X3X7, XgX7. X7Xg. These 5
parameters and 4 combinations represent more than 99% of the
model response, having Eq. (24) as regression model of the cooling

Table 9

Variables used in the ANOVA.

Ecooling = 62.62 — 2567.47-X; — 266.08-x3 — 270.01x5 — 0.24 X7 — 503581.9-Xg + 8.94-X1 X7 + 0.95-X3X7 + 0.97 -XeX7 + 1773.92-X7Xg Eq. 24
Variable Name Unit Default Value Higher value Lower value
X1 Air gap thermal conductivity W/m-K 0.026 0.05 0.001
X2 Radiator solar absorptivity - 0.8 0.95 0.7
X3 Radiator 7—14 pm absorptivity - 0.8 095 0.7
Xa Cover 7—14 um absorptivity material 2 = 0.1 0.15 0.05
X5 Cover solar transmissivity material 2 - 0.8 0.85 0.7
X6 Cover 7—14 um transmissivity material 2 — 038 0.85 0.7
X7 Water inlet temperature K 293 300 285
Xg Water inlet flow m’/s 16-107° 1,25-107% 1.6-10°
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Fig. 13. Comparison between computed and predicted results.
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Fig. 14. Contour plot: Air gap thermal conductivity vs. Water inlet temperature (x; —
X7).

output taking into account the main parameters. The regression
model fits the numerical model with high accuracy as can be seen
in Fig. 13, presenting R? = 0.9979 and an average deviation of 6%.

From Eq. (24), the radiative cooling performance can be opti-
mized in order to get the maximum cooling energy production and
to discover the operational strategies to do so. Notice that the water
inlet temperature (x) is an influencing parameter because it ap-
pears combined with the rest of parameters in Eq. (24). Each
parameter (except x7) has only one interaction parameter, therefore
all parameters except one were optimized in regard to the water
inlet temperature while this one was optimized taking into account
the other parameters optimizations.

From the regression model (Eq. (24)) one can conclude that:

1 The air gap conductivity (x;) appears as a single parameter and
combined with the water inlet temperature (x7). Analyzing the

Cooling energy production (June 2015. Girona) [kWh/m®]

136402

286 288 290 292 204 296 298 300

Water inlet Temperature (r;) [K]

Fig.15. Contour plot: Radiator 7—14 pm absorptivity vs. Water inlet temperature (x3 —
X7).
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aterinl 2 (xe) F|

r T-14pm transmi:

Cone

o
=
Ix}

a
=

286 288 290 292 294 296 298 300

Water inlet Tempemture (r;) [K]

Fig. 16. Contour plot: Cover 7—14 pm transmissivity material 2 vs. Water inlet tem-
perature (Xg — X7).

tendency of Eq. (24) (Fig. 14) as a function of the air gap con-
ductivity, two different tendencies are observed: (1) when the
water inlet temperature is high, the air gap conductivity should
be as high as possible to maximize the cooling production, (2)
when the water inlet temperature is low, the air gap conduc-
tivity should be as low as possible to avoid heat gains from
environment. This change of tendency/behavior appears when
the water inlet temperature is around14°C(~ 287K). This sug-
gests that the use of vacuum between the screen and the radi-
ator plate could improve the RCE behavior if low temperatures
are required.

2 The radiator absorptivity/emissivity at 7—14 pm (x3) appears as
a single parameter and combined with the water inlet temper-
ature (x;). Analyzing the tendency of Eq. (24) (Fig. 14) as a
function of the radiator absorptivity at 7—14 pm, one can see
that the best results are obtained with higher radiator absorp-
tivities at 7—14 pm and water inlet temperatures. This result
makes sense because the incoming radiation from sky in that
wavelength range is lower than the emitted by a blackbody. This
influence decreases at lower temperatures when lower radia-
tion is emitted. From Eq. (24) one can deduce that this tendency
changes at around6°C(~ 279K), but as this temperature is out of
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Cooling energy production (June 2015, Gironu) [kWh/m’]
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286 288 290 202 296 208
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Fig. 17. Contour plot: Water inlet flow rate vs. Water inlet temperature (x; — Xg).

the valid range for Eq. (24) (285 —300K) the authors cannot
assure the accuracy of this extrapolation.

3 The cover transmissivity at 7—14 pm of material 2 (xg) appears
as a single parameter and combined with the water inlet tem-
perature (x7). Analyzing the tendency of Eq. (24) (Fig. 16) as a
function of the cover transmissivity at 7—14 pm, one can see that
the best results are obtained with higher cover transmissivities
at 7—-14 pm and water inlet temperatures. This result makes
sense because increasing the transmissivity in that wavelength
range also increases the radiation exchange in that wavelength
range. This influence decreases at lower temperatures with low
radiation emitted. From Eq. (24) one can deduce that this ten-
dency changes at around6°C(~ 279K), but as this temperature is
out of the valid range for Eq. (24) (285 —300K) the authors
cannot assure the accuracy of this extrapolation.

4 The water inlet flow rate (xg) appears as a single parameter and
combined with the water inlet temperature (x7). Analyzing the

tendency of Eq. (24) (Fig. 17) as a function of the water inlet flow
rate , one can see that the best results are obtained with higher
water inlet flow rates and water inlet temperatures. This result
makes sense because for higher flow rates the temperature
difference between the inlet and the outlet is reduced, thus
emitting more radiation at a higher temperature. From Eq. (24)
one can deduce that this tendency changes at
around11°C(~ 284K), but as this temperature is out of the valid
range for Eq. (24) (285 —300K) the authors cannot assure the
accuracy of this extrapolation.

Finally, the water inlet temperature (x;) appears as a single
parameter and combined with all the other parameters. This
parameter has just one tendency (Figs. 14—17) in the studied
range(285 —300K), the higher the water inlet temperature, the
better. This result makes sense because for higher water inlet
temperatures more radiation will be emitted. Thus, water inlet
temperature plays an important role.

w

This parameter analysis allowed determining that for the rele-
vant variables the higher value, the better, except for the air gap
thermal conductivity which depends on the water inlet tempera-
ture. Therefore, special attention must be paid to the selection of
coating materials for the absorber or to the absorber material itself.
However, notice that for different absorber materials the 2D re-
sistances may change and thus will the model; therefore, the
sensitivity analysis must be recalculated. Finally, these parameters
should be accurately measured to ensure accurate results from the
numerical model.

5.5. Optimized case

Once the strong parameters were identified and the optimal
values found, the same simulations as for the Reference case (sec-
tion 5.3) were performed using the optimal values to see the
improvement in the radiative cooling. These optimal values are
within the studied ranges and represent realistic values. The results
are presented in Fig. 18.
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Fig. 18. RCE optimized performance during 3 summer days.
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The results show that, in the same period as in Fig. 12, the solar
thermal energy collected is 17.11 kWh/m? and radiative cooling
energy is2.82 kWh/m?. The cooling energy production increases by
300% in regard to the standard values of the RCE performance,
showing that important improvements for radiative cooling could
be achieved by adjusting the device to the optimal design param-
eters. On the other hand, the solar collection remains almost con-
stant (reduction around 1.7%).

These results demonstrate the potential of the RCE device to
provide heat for Domestic Hot Water and cold for space cooling,
being an interesting technology to cover in a renewable way the
thermal demands of nearly Zero Energy Buildings.

6. Conclusions

In the present work a numerical model of a Radiative Collector
and Emitter (RCE) was presented. RCE is a novel technology
combining solar collection and radiative cooling. The numerical
model was developed in TRNSYS, becoming this code a new “type”
to be used in that software. The model was experimentally vali-
dated, and a sensitivity analysis was performed to identify the
influencing parameters.

The RCE model proved accurate in representing the thermal
behavior of both operational modes of the device. Results showed
the potential of the RCE to perform the double functionality: solar
thermal collector and radiative cooler. As expected, the heating
power is one order of magnitude higher than the cooling one.

From the sensitivity analysis 5 parameters and 4 combinations
of these parameters were identified as the most influencing ones
for the radiative cooling mode. These parameters are the air gap
thermal conductivity, the absorptivity/emissivity of the radiator at
7—14 pm wavelength range, the transmissivity of the cover material
2 at 7—-14 um wavelength range, the water inlet temperature, and
the water inlet flow. For the studied range, the best results were
obtained with higher values of these parameters. However, when
low water inlet temperatures ( <15°C) are required, lower air gap
thermal conductivities maximize the cooling energy production.
Thus, if low temperatures are to be achieved, vacuum or partial
vacuum may help increasing the cooling production ratio. More-
over, the water inlet temperature resulted to be the most influ-
encing parameter and, if possible, this temperature should be as
high as possible to increase the cooling ratio. However, although
getting good cooling rates, that temperature should be low enough
for cooling purposes. The optimal values allow the model to
significantly increase the radiative cooling performance; therefore,
the materials should be accurately chosen.

The new model will allow exploring the benefits of imple-
menting such technology in a complete system, integrating it with
the HVAC and storage devices.
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Nomenclature

Symbol Description Equations where appears

A contact surface per unit of length [%2—] 2

& heat capacity at constant pressure per unit of length
ek

Cp specific heat capacity at constant pressure [kﬁ] 1,13

E. irradiance or the radiant flux received by a surface per

unit of area [%] 17,18,19

Esx spectral irradiance [ﬁz"ﬁ] 17

Ecooting  Cooling energy production [“m‘] 24

Fj view factor from surface j to surfacei[—] 19

Gz Graetz number [ -] 11

h convection heat transfer coefficient |- Y| 2, 4

ij general species designation/identifier subscript [—] 18,
22,23

Je radiosity or radiant flux leaving (emitted, reflected,
transmitted) a surface per unit of area [;,‘Q’;] 17,18,19

Jea spectral radiosity [W%n] 17

k thermal conductivity [%VR] 4,13

L characteristic length for Nusselt number [m] 4
total number of intervals or elements [ -] 19, 20, 22, 23

Nu Nusselt number [ -] 4

Nuy Nusselt number based on characteristic length [—] 5, 6,
7,8,9,10

Nup Nusselt number based on characteristic diameter [ -] 11,
12

Pr Prandtl number [ ] 5, 6,12

q heat transfer rate per unit length [%] 14, 15, 16, 21

Q additional heat sources [,%] 13

Or radiation balance %V;] 17

Qv volume flow rate of the fluid [st 3

R equivalent resistance [%K] 2

R; equivalent resistance between surface i and j [%] 14,
15,16
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Ra; Rayleigh number based on characteristic length [—] 7, 8, high-performance cooler with near-ideal emissive spectrum for above-

9 ambient air temperature radiative cooling. Sol Energy Mater Sol Cells
S 2019;200:110013. https://doi.org/10.1016/j.s0lmat.2019.110013.
Rep Reynolds number based on characteristic diameter [ —]| [17] Liu Q, Wu W, Lin S, Xu H, Lu Y, Song W. Non-tapered metamaterial emitters
12 for radiative cooling to low temperature limit. Optic Commun 2019;450:
o o 246-51. https://doi.org/10.1016/j.0ptcom.2019.05.061.
Rey Reypmds number hased on. charagferistic lengt.h [ ] 5, 6 [18] Jeong SY, Tso CY, Ha ], Wong YM, Chao CYH, Huang B, et al. Field investigation
Ryiwj equivalent flux transfer resistance between fluid nodes i of a photonic multi-layered TiO2 passive radiative cooler in sub-tropical
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6 input variable coefficient [ -] 20 for nocturnal radiative cooling and preliminary performance analysis. Energy
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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).
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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/mz,

Paper 4 also presents two formulas (Eg. 4 and Eqg. 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:

_ fq_sc'dt

Eq4 Usc—A.fI.dt

Where:

ns.  Solar collection efficiency [-].
gsc  Solar Collector (SC) mode device power [W].
A Collector area [m?].

I Solar Irradiation, in this case, GHI [W/m?Z].

Radiative Cooling efficiency:

_IQrc'dt

Eq.5 Mre = A-[Rdt

Where:

nr-. Radiative cooling efficiency [-].
gr. Radiative Cooling (RC) mode device power [W].
A Collector area [m?].

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

EQ6 R=RT—Rl=(E'U'TT4&—R¢)

R,  Incoming Radiation [W/m?Z].

R;  Radiative cooler surface emitted infrared radiation [W/m?Z].
¢ Radiator emissivity/absorptivity [-].

o  Stefan-Boltzmann constant, 5.67-108 [W/m#/K4].

T,. 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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Abstract: Climate change is becoming more important day after day. The main actor to decarbonize
the economy is the building stock, especially in the energy used for Domestic Hot Water (DHW),
heating and cooling. The use of renewable energy sources to cover space conditioning and DHW
demands is growing every year. While solar thermal energy can cover building heating and DHW
demands, there is no technology with such potential and development for space cooling. In this paper,
anew concept of combining radiative cooling and solar thermal collection, the Radiative Collector and
Emitter (RCE), through the idea of an adaptive cover, which uses different material properties for each
functionality, is for the first time experimentally tested and proved. The RCE relies on an adaptive
cover that uses different material properties for each functionality: high spectral transmittance in the
solar radiation band and very low spectral transmittance in the infrared band during solar collection
mode, and high spectral transmittance in the atmospheric window wavelength during radiative
cooling mode. Experiments were performed during the summer period in Lleida (Dry Mediterranean
Continental climate). The concept was proved, demonstrating the potential of the RCE to heat
up water during daylight hours and to cool down water during the night. Daily/nightly average
efficiencies up to 49% and 32% were achieved for solar collection and radiative cooling, respectively.

Keywords: radiative cooling; solar thermal collection; renewable energy; low-grade energy source;
building integration; experimental setup

1. Introduction

The effects of climate change are becoming more dangerous and destructive day after day.
This subject is in the public eye and governments are taking actions on this matter. To mitigate or
reverse these effects, long-term greenhouse gas emissions goals are being set. One of the main actors to
decarbonize the economy is the building stock, responsible for 36% of all CO, emissions in the EU.
Special consideration must be taken in the energy used for heating and cooling which is up to 50%
of the final energy consumption (80% of which in buildings). This is why special efforts are being
made in renovating the current building stock by energy efficiency means as well as considering the
deployment of renewables [1].

The use of renewable energy sources to cover space conditioning and Domestic Hot Water (DHW)
demands seems more likely over the years. While solar thermal energy can cover building heating
and DHW demands [2], there is not yet a technology with such potential and development for space
cooling. In fact, despite the existence of a few renewable cooling technologies, they present significant
limitations [3].

Compression and absorption heat pumps are the main technologies for cooling purposes,
compression heat pumps being the most common. These devices consume large amounts of electricity,

Energies 2020, 13, 893; d0i:10.3390/en13040893 www.mdpi.com/journal/energies
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although they are considered renewable sources under certain circumstances [4,5]. On the other
hand, absorption heat pumps may use solar energy as driving heat, but they present some important
disadvantages such as, low efficiency, a need of high temperatures (>100 °C), large equipment sizes and
the need for auxiliary equipment such as a cooling tower (which increases the cost of the installation
and can result in health problems such as legionella) [6].

Alternatively, radiative cooling is a renewable cooling technology that can complement
conventional cooling systems. Radiative cooling uses the sky as a heat sink, benefiting from its
effective temperature which is much lower than ambient temperature. Energy can be dissipated
to the sky taking advantage of the infrared atmospheric window (7-14 pm). This window allows
infrared radiation to pass directly to outer space without intermediate absorption and re-emission
in the atmosphere. Heat dissipation is produced by longwave radiation (thermal radiation) from a
surface to the sky. The sky temperature during the night can be lower than 0 °C or even —10 °C [7],
allowing temperatures suitable for cooling. However, this phenomenon is a priori only valid during
the night, since during the day solar radiation (shortwave radiation) is higher and the radiation balance
results in thermal gains (heating). The sky temperature can be related to the ambient temperature
using sky emissivity [8].

Radiative cooling technology attracted a lot of attention in the 1970s, with lots of papers published.
However, the lack of suitable materials and solutions in order to reduce the heat gains limited its
development. Most of the research done up-to-date has focused in the development of correlations
and numerical models to determine the effective temperature of the sky and/or the emissivity of
the sky [9-12], in the search of selective materials suitable for the dissipation of radiation at certain
wavelengths [13-16] and in the evaluation of some specific radiative cooling devices [17-20].

Etzion and Erell [21] highlighted as one of the limitations for the potential of radiative cooling
the effect of ambient air on the radiative surface. The cooling potential of the surface allows reaching
temperatures much lower than the ambient ones; however, the heat transfer by convection from the
ambient air to the radiative cooler reduces its potential. Although different covers transparent to
thermal radiation have been studied, there are still some thermal gains that reduce the potential of
radiative cooling.

Bathgate and Bosi [22] determined the potential of a radiative cooling device (based on the optical
properties of the materials) for different materials and radiator temperatures. They observed that
certain selective materials achieved higher power (even doubling it) than using no selective material
(black body).

More recently, significant developments have been achieved in the field of materials capable
to produce radiative cooling during both night and daytime. In 2013, Rephaeli et al. were the
first ones to develop such a material [23,24]. Later on, other materials were developed with similar
properties [25-29]. This demonstrates the huge interest and potential of radiative cooling as a
renewable technology.

Even with the great research effort done [30], radiative cooling is not a technology mature enough.
No commercial device has reached the market yet. The main drawback is its low available cooling
power density (between 20 and 80 W/m?) [31], with peak values of 120 W/m? [32] or even higher with
new metamaterials (199 W/m? in [33]). Therefore, improvements are needed to make radiative cooling
feasible. A potential improvement is the coupling of radiative cooling and solar thermal collection
in a single device. This new concept will be able to produce both heat and cold, thus improving its
feasibility to reach the market. Despite that these two technologies use different types of radiation
(different wavelengths), it is possible to couple them as they are not used at the same time, so there is
no interference between them; solar collection works during sunlight hours whereas radiative cooling
is more effective at night.

Little research has been done in the combination of both solar collection and radiative cooling in a
single device, and most of them only characterized the heat produced by a radiative cooler, but did not
intend to design and evaluate a device suitable for both functions. Errel and Etsion identified some
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of the main differences between a solar collector and a radiative cooler [18]. They highlighted, apart
from the cover material, that the radiative cooler needs a pump to circulate the fluid, while the solar
collector can in some cases rely on the thermosiphon effect. On the other hand, the effects of convective
heat transfer in a solar collector are always negative, since the fluid is always warmer than the ambient.
This is not always the case for the radiative cooler, since the air can be used as a cold source during
some moments during the night. Finally, they also highlighted that the geometry pipe-fin of a solar
collector is not necessarily the best one for a radiative cooler, as they demonstrated numerically.

Erell and Etzion [34] in 1996 used a radiative cooler to perform some experiments under winter
conditions to produce heat. Results showed the capacity of the device to produce heat, considering
that the system was designed to produce cold and that it had no cover. The main limitation is that,
although radiative cooling devices are very similar in shape as solar collectors, their behavior is
completely opposed. While the solar collector operates during the sunlight hours to collect shortwave
radiation, the radiative cooler operates during night time emitting longwave radiation. This difference
in the radiation wavelength means that conventional covers used in solar collectors are not suitable
for radiative cooling (since they do not allow longwave radiation to pass through). This and other
limitations found by [34] are nowadays of great interest due to the advances in material development
and heat transfer optimization. Similar experiments were done more recently by Hosseinzadeh and
Taherian [35] and by Xu et al. [36]. However, in all the studies, no cover was used, dramatically limiting
the efficiency of the device.

Vall et al. [37] studied the potential of a new concept consisting of combining solar collection and
radiative cooling to partially cover the DHW and cooling demands for different typologies of buildings
located in different climates. The new concept showed suitability in some of the studied cities with C
(temperate) and D (continental) climates in residential and tertiary buildings.

As stated before, new materials have been recently developed for day-long radiative cooling.
However, these materials still present the limitation that they do not allow solar collection at the same
time. In 2015, Hu et al. [38] developed a spectral selectivity surface suitable for both solar collection and
radiative cooling. The new surface, the TPET, presents high absorptivity/emissivity in both the solar
radiation and atmospheric window bands. However, this material will also emit in the atmospheric
window band during solar radiation collection, which can diminish the heat collection. Moreover, Hu
etal. did not consider the radiative properties of the cover of the solar collector/radiative cooler, using
polyethylene as cover, which will reduce the efficiency during solar collection mode due to the high
emissivity in the near-infrared wavelength [39].

Thus, a research gap is found in the lack of a technology capable of producing both solar collection
heating and radiative cooling (RCE).

In this paper, the new concept of combining radiative cooling and solar thermal collection,
which is mentioned as Radiative Collector and Emitter (RCE), is presented and experimentally
tested. The new concept relies on an adaptive cover that uses different material properties for each
functionality: radiative cooling and solar thermal collection. The adaptive cover will provide high
spectral transmittance in the solar radiation band and very low spectral transmittance in the infrared
band during the solar collection mode, and high spectral transmittance in the atmospheric window
wavelength during radiative cooling mode. This innovation will result in a novel approach, based
on the adaptive cover and not the collecting/radiating surface, to combine radiative cooling and
solar heating.

The purpose of this research and its main novelty is to prove experimentally, for the first time, the
RCE concept through the idea of an adaptive cover, which uses different material properties for each
functionality: radiative cooling and solar thermal collection. This will contribute to taking the first step
in its potential introduction to the market.
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2. Experimental Setup

The experimental setup consisted of a solar collector, a radiative cooler, 2 water tanks, a water
pump, 6 temperature sensors, 2 flow meters, a pyrgeometer and the control and data acquisition
systems. The acquisition data equipment consisted of a data logger (model DIN DL-01-CPU), connected
to the adapter data logger-computer (model AC-250). The computer software to compile the data was
STEP TCS-01. The solar collector used was model FUJI-P. It was a 2 m X 1 m X 80 mm aluminum frame
collector, with a transparent 3 mm glass and 30 mm glass-wool back insulation. The collector has 8
cooper pipes of 8 mm internal diameter and 0.6 mm thick. In a similar way, radiative cooler is in fact a
modified version of the same solar collector (FUJI-P), having replaced the glass screen by a 0.6 mm
thick polyethylene (PE) film and having painted the surface of the radiator with black paint in order to
adapt it to the required characteristics of radiative cooling mode (Figure 1). They were located one
next to the other, on the horizontal plane.

Tempered and textured glass
with low iron content

Copper connector 22 mm

vy

Aluminum frame

Copper pipes

Glass wool thermal insulation Titanium absorber
(©

Figure 1. (a) Solar collector; (b) modified solar collector used as a radiative cooling device; (c) Structure
of the solar collector FUJI-P (adapted from manufacturer’s technical data [40]).

For the sake of simplification, two separate devices were used instead of a single RCE device.
This was sufficient to provide accurate data for concept validation, which was the main objective of
this research. Four temperature sensors (Pt-100, with an accuracy of +0.045 °C) were used to monitor
the inlet and outlet water temperature of the solar collector and the radiative cooling device. Water
flow rates were monitored using a flowmeter for the operation under solar collection mode (Badger
Meter-Primo Advanced, 0.25% accuracy), and a flowmeter for the radiative cooling mode (Schmidt
Mess-SDNC 503 GA-20, 4% accuracy). Weather data was extracted from a nearby weather station, with
the exception of the incoming infrared radiation, which was measured using a pyrgeometer on-site (LP
PIRG 01-DeltaOhm, 5% accuracy). All the data from the experiment were registered and recorded at a
time-frequency resolution of 1 min. A sketch of the experimental setup is presented in Figure 2.
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Figure 2. Sketch of the experimental setup.

The film used for the radiative cooler was chosen among different kinds of plastic foils, namely
polymethylmethacrylate (PMMA), low-density polyethylene (PELD) and high-density polyethylene
(PEHD). Their optical properties were analyzed in the whole spectrum of solar and IR radiations.
Three different spectrophotometers were used to cover the UV-vis, the near IR and the far IR spectrum
ranges. They were the UV Analytikjena specord 210, the Foss NIR XDS Rapid Content Analyzer and
the Jasco FT-IR 6300 series, respectively. PELD film was finally chosen, as it was the most transparent
in the infrared band of the electromagnetic radiation. Table 1 shows the resulting mean transmittance
in the three measured spectrum ranges for the selected PELD film.

Table 1. Measured mean transmittance for the selected low-density polyethylene (PELD) film.

UV-Vis NIR FT-IR
Range (0.19-1.1 pm) (0.4-2.5 pm) (2.5-15.5 um)
Mean Transmittance 0.88 0.84 0.98

3. Methodology

3.1. Description of the Experimental Campaign

Experiments were performed for several days combining solar collection mode (from 8.00 to 20.00
h) and radiative cooling mode (from 21.00 to 7.00 h). The experiments were performed during the
summer period in Lleida (Dry Mediterranean Continental climate). Specifically, the experimental
campaign consisted of two periods; the first one from 26th to 28th July 2017 and the second one from
31st July to 4th August 2017.

The tests were always performed in the same way. Early in the morning, several valves were set to
the solar collection mode and the pump was started, so that the water in the secondary circuit, initially
in thermal equilibrium with the ambient, could circulate through the RCE and heat up. This water
flowed then through the internal heating coil of the hot tank, heating up the water in the tank, which
was as well at ambient temperature at the beginning. All the experimental variables were monitored
and registered every minute in the data logger. The cloudiness of the sky was observed visually along
the day, together with the information about clouds on the online local weather station. After sunset,
the set of valves was changed to radiative cooling mode, and then water in the cold tank, initially at
ambient temperature, was circulated directly to the RCE, starting the cooling process thanks to the
radiative heat transfer to the night sky. As cooling powers are much lower than the heating powers
during the day, to prevent heat losses and maximize the cold output, only a primary circuit was used
between the cold water tank and the RCE. The water flowrates were kept constant during each test,
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although some fluctuations due to the pump operation were observed along the day, with maximum
deviations of 25% with respect to the average value (see Table 2). In the second period, the flow rate at
night was reduced to about 60% of the daily value to increase the inlet-outlet temperature difference
and reduce in that way the uncertainty of the calculated cooling power. The tested range of flow rates
was 0.5-1.9 L/min.

Table 2. Operating characteristics of the testing days.

Clear or Average
Date/Hour of Test Test Label Cloudy Volumetric Flow
Rate (L/min)
26/07/17 (13:00-20:00) Day 1.1 Clear 1.36 + 0.07
26/07/17 (21:00)-27/07/17 (7:00) Night 1.1 Clear 1.30 + 0.02
First period 27/07/17 (8:00-20:00) Day 1.2 Clear 1.25+0.2
27/07/17 (21:00)-28/07/17 (7:00) Night 1.2 Clear 1.29 + 0.02
28/07/17 (8:00-18:00) Day 1.3 Clear 1.89 + 0.51
31/07/17 (8:30-20:00) Day 2.1 Clear 142 +0.1
31/07/17 (21:00)-01/08/17 (7:00) Night 2.1 Clear 0.63 + 0.01
01/08/17 (8:00-20:00) Day 2.2 Cloudy 1.34 £ 0.14
Second 01/08/17 (21:00)-02/08/17 (7:00) Night 2.2 Cloudy 0.56 + 0.01
period 02/08/17 (8:00-20:00) Day 2.3 Cloudy 1.36 + 0.09
02/08/17 (21:00)-03/08/17 (7:00) Night 2.3 Cloudy 0.57 + 0.01
03/08/17 (8:00-20:00) Day 2.4 Clear 1.34 +0.15
03/08/17 (21:00)-04/08/17 (7:00) Night 2.4 Clear 0.52 + 0.02

During the cooling mode, the hot water tank was discharged to ambient temperature using an
air-water fin heat exchanger. The same process was used to discharge the cold stored during the night
in the cold tank.

The first testing period turned out to be a clear sky period, while the second one combined clear
and cloudy days. The details of the testing days, including the operating dates and hours, the day
labels and the flow rates used are presented in Table 2.

3.2. Determination of Performance Parameters

To evaluate the performance of the RCE, production rates for both solar collection and radiative
cooling were calculated (Equation (1)), as well as efficiencies (Equations (2) and (3)).

g=vXpXcyxAT @

where:
{ is the power of the device (W).
v is the volumetric flow rate (m3/s).
p is the density of the fluid (kg/m®).
¢p is the heat capacity of the fluid (J/kg-K).
AT is the temperature difference between inlet flow T;, and outlet flow Tyt (K).
Solar Collection efficiency:
quCdt
A [1dt

= @
where:

N)sc is the solar collection efficiency (-).

g, is the power of the device in Solar Collector (SC) mode (W).

A is the collector area (m?2).

I is the Solar Irradiation; in this case, Global Horizontal Solar Irradiation (W/m?).

95



+
\U/ Chapter 7 - Combined Radiative Cooling and Solar Thermal Collection:

b 4 X
Universitat de Licida Experimental Proof of Concept
Energies 2020, 13, 893 7 of 13

Radiative Cooling efficiency: The efficiency for the radiative cooling mode is based on the
one presented in [41] but considering the surface temperature of the RCE device instead of ambient
temperature to determine the infrared radiation emitted in the effective outgoing infrared radiation term.

. fi]rcdt
~AfRdt

MNre 3)

where:

Nre is the radiative cooling efficiency (-).

g, is the power of the device in Radiative Cooling (RC) mode (W).

A is the collector area (m?).

R is the effective outgoing infrared radiation (W/m?).

The value of R is determined as the difference between the infrared radiation emitted by the
radiative cooler surface (R;) and the infrared radiation from the atmosphere (sky) absorbed by this
surface (R)):

R=Rp-Ry = (exoxT; - Ry) @

where:

R| is the Incoming Radiation (measured on-site) (W/m?).

R; is the infrared radiation emitted by the radiative cooler surface (W/m?2).

¢ is the ideal radiator emissivity/absorptivity, in this case 1 (-).

o is the Stefan-Boltzmann constant, 5.67 x 108 (W/m?2 K*).

Tyc is the temperature of the radiator (average inlet/outlet) (K).

This radiative cooling net balance of the surface, R, is considered the maximum potential for
radiative cooling of the RCE, and should be compared with the actual cooling power that is transferred
to the water, g,,, to evaluate the radiative cooler efficiency during the night (Equation (3)).

The uncertainty of the above presented experimental parameters (Equations (1)—(3)) have been
calculated as a function of the direct measured variables (namely, inlet water temperature Tj,, outlet
water temperature Ty, volumetric flow rate v, solar irradiation I and incoming IR radiation R|)
and their associated accuracy. The heat capacity ¢, and the density p values for water are taken
from the literature at the average RCE temperature. Applying the standard method for uncertainty
propagation [42], the calculated uncertainty for heating power (day), cooling power (night), solar
collector efficiency and radiative cooler efficiency are 3%, 8%, 3% and 20%, respectively. Special care
was taken in the selection of instruments with the lowest uncertainties possible, as the low radiative
cooling powers at nights made them more critical to finally obtain reasonable uncertainties.

4. Results and Discussion

In the following section direct measurement and calculated parameters for the RCE testing periods
are presented and discussed.

4.1. Direct Measurements and Testing Observations

During the first period, the meteorology was stable with all-day clear and sunshine. The outdoor
temperature oscillated from 19 to 40 °C, with Global Horizontal Irradiation (GHI) peak values up to
960 W/m?, average values of 670 W/m? and Incoming Infrared Radiation average values of 340 W/m?.
In the second period, the meteorology was stable with some cloudy days and the outdoor temperature
oscillated from 23 to 42 °C, with GHI peak values up to 935 W/m?, a GHI average value of 539 W/m?
and Incoming Infrared Radiation average values of 355 W/m?.

In the first testing period, mainly under clear sky conditions, the RCE was capable to produce
heat, reaching maximum outlet temperature values of 64 °C (Figure 3), achieving average temperature
differences between the outlet water (T,,¢) and the ambient (T},,;) around 17-22 °C (Table 2). In the
second period, with both cloudy and clear days, the RCE produced heat as well, reaching maximum
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outlet temperature values of 67 °C for the two clear days, but lower values the other two days (47-60 °C).
The average temperature differences between the outlet water and the ambient in this period were
around 8-14 °C (Table 2).
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Figure 3. Experimental results of the Radiative Collector and Emitter (RCE) concept.

The measured incoming sky IR radiation remained very stable along the two test periods, in a
range 310-400 W/m?, with slightly higher values during the days and in cloudy periods, and more
oscillations in cloudy periods (Figure 3).

On the other hand, the RCE also showed the capability to produce cold water, reaching minimum
outlet water temperatures close to 16 °C in the first period and of 20 °C in the second one (Figure 3),
with average temperature differences between the outlet water and ambient around 2-3 °C (Table 2).

Apart from measured data, other empirical details were observed. In some occasions, the radiative
emitter presented dew or water moisture attached to the inner part of the plastic foil. This phenomenon
was observed during the morning inspection and it was not possible to determine when it occurs
as well as the effects on the performance. Despite the effects were not quantified, it reduces the
performance of the system because the water film becomes the radiating surface [43]. This effect blocks
the direct contact between the surface of the radiator and the sky.

4.2. Heating and Cooling Powers for RCE

Figure 4 shows the calculated heating and cooling power produced by the RCE during the two
testing periods (see Equation (1)). Note that for the sake of clarity the cooling power scale (right vertical
axis) is one order of magnitude smaller than the heating power scale (left vertical axis) and the absolute
value is used for cooling, skipping the negative sign. In the first clear sky period average heating
powers of 290-315 W/m?2 are achieved, with peak values above 500 W/m?, whereas in the second
period, the average heating powers are smaller (range 120-290 W/m?), with a peak of 539 W/m? in Day
6 (Figure 4 and Table 3). Daily average solar collector efficiencies of 0.43-0.49 are achieved in the first
period, while in the second period they are slightly lower, in the range 0.34-0.46 (Table 3). Regarding
the cooling power at nights, average values between 13-34 W/m? were achieved, with peak powers
above 46 W/m? on Day 4 (Figure 4 and Table 3). Average radiative cooling efficiencies in the range
0.12-0.32 were obtained (Table 3).
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Figure 4. Available heating and cooling power from the RCE concept.

Table 3. Average and peak power produced, average temperature diffrence and average efficiency by

the RCE for both heat and cold production.

Heating Power,

Cooling Power,

Average

Average Efficiency (%)

Gsc (W/m?) 7,c (W/m?) (Tout — Tamb) (K)
stis; d Average Peak Average Peak Heating  Cooling  Heating, 115 Cooling, 7,
Day 1.1 313.3 545.5 - - 2498 - 43 -
Night 1.1 - - 26.04 36.3 - -2.14 - 24
Day 1.2 293.5 513.8 - - 19.68 - 46 -
Night 1.2 - - 12.63 225 - —2.68 - 12
Day 1.3 310.7 583.3 - - 13.84 - 49 -
Day 2.1 265.7 4829 - - 20.65 - 42 -
Night 2.1 - - 33.35 485 - -247 - 32
Day 2.2 122.9 4257 - - 8.16 - 34 -
Night 2.2 - - 23.84 31.6 - -2.56 - 26
Day 2.3 238.6 538.5 - - 12.95 - 46 -
Night 2.3 - - 22.69 33.9 - -2.62 - 24
Day 2.4 293.0 5127 - - 1571 - 46 -
Night 2.4 - 30.64 36.2 - -3.44 - 28

4.3. Maximum Potential for Cooling

Figure 5 shows the calculated effective IR radiation from the RCE to the sky, which gives the
maximum potential for cooling for the RCE. The incoming IR radiation measured by the pyrgeometer

and the calculated outgoing IR radiation from the RCE surface (see Equation (4)) are included as well.

It is interesting to notice that the potential for cooling increases a lot in the RCE during the day. This is
due to the fact that the RCE is working as a solar collector at that time, and the temperature of the
absorber/emitter surface is quite high (40-70 °C) and, thus, the capacity to irradiate to the sky increases
above 350 W/m? of cooling power. However, the glass cover blocks this potential IR radiation to the
sky. The importance of the proposed adaptive cover is highlighted here also for the heating operating
mode. If only the PE film was used as cover, this cooling power would be mostly radiated to the sky
through the PE film and the solar collector efficiency of the RCE would substantially decrease.
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Figure 5. Incoming, outgoing and net effective radiation of the RCE concept.

5. Conclusions

The present research designed, constructed and analyzed experimentally the concept of the
combined renewable production of heating and cooling via thermal collection and sky radiative cooling
in a single device, the Radiative Collector and Emitter (RCE) device. It proved the concept and showed
the potential to be introduced in buildings as an active system for heating and cooling. The results
demonstrate the potential of the RCE concept to heat up water during daylight hours and to cool down
water during the night.

Along the tested days, the RCE device produced peak heating power values up to 583 W/m?
during the day, with average efficiencies up to 49%. During the night the RCE achieved peak cooling
powers of 33 W/m?, with average cooling efficiencies up to 32%. When compared to other cooling
technologies such as electrically driven compression water chillers, RCE is not able to provide the
same low temperature levels (7-12 °C) or efficiencies (SEER of 2-5). It is important to bear in mind that
chillers and other existing cooling technologies consume non-renewable primary energy whereas the
RCE is driven by renewable primary energy. When primary energy is considered, RCE average cooling
efficiencies are in the same order of magnitude than those of electrically driven compression water
chillers (80%-100%, based on a Primary Energy Factor of 2.5 [44]). Thus, the wise decision in a building
with both technologies would be to give priority to the RCE, even with a low performance, and then
complement the demand and/or temperature level shortcomings with the compression chillers.

Although improvements are required in order to maximize the cold production and reach useful
temperature levels, this first RCE prototype has proven the concept of cooling down water below
ambient temperature by the use of sky night radiation, while heating up water during the day.

Special attention was put on the radiative cooling mode. Even if it was not the best season for
radiative cooling mode, with shorter periods of nighttime, it is in summer when it makes sense to
produce cold. The cold produced during the night can be used either as a direct cooling source or as a
heat sink for other cooling technologies (such as heat pumps) in order to improve its efficiency, thus
reducing the use of non-renewable energies. However, further improvements are required to take full
advantage of this new concept.

A negative effect was observed during experimental testing. The formation of dew was on both
sides of the cover, but especially in the inner side. The dew on the inner (and outer) side of the cover
can be a problem for the performance of the system, especially in humid climates. However, some
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solutions such as creating a vacuum between the radiator surface and the cover can eliminate or
mitigate its effects.

Future research will address the first prototype of the single RCE device, with a practical solution
for an automatically controlled adaptive cover.
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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:

e 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.

e 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.

e 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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e 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.

e 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.

e 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.

e 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.

e The analytical and numerical reviewed research results pointed out the desirability
of cover usage, fluid as internal thermal-carrier usage, and heat storage usage.

e 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.

e 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.

e 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:

e 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%.

e 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.

e 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.

e 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:

e 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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e 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 um, water inlet temperature, and
water inlet flow; being water inlet temperature the most influencing variable.

e 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.

e 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.

e 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:

e 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.

e 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.

e 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.

e 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:

e 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).

e 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:

e 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).

e 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 15°C, since

this temperature may depend on the location, weather and season.
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e 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:

e To develop and test a mechanical system capable of operating the double cover
integrated into an RCE device under real conditions.

e To integrate the device into a testing bench to simulate the energy demands of a
building, or to integrate it into a real building.

e To perform a specific analysis of dew formation on the cover.

e 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 Economica Barcelonesa d’Amics del Pais (SEBAP). In this research stay, the
PhD candidate worked on the RCE numerical modelling in TRNSY'S 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.

i

CETHIL

UMR 5008

% I‘.’E RSITE INSA

IHETITUT MATIOMAL
DEB SOITNCES
APPLIOUEES

LTON

109



x |J

N References

References

[1] European Commission. Climate change consequences. 2020.
https://ec.europa.eu/clima/change/consequences_en.

[2] European Commission. Causes of climate change. 2020.
https://ec.europa.eu/clima/change/causes_en.

[3] IEA. Data and statistics. 2020. https://www.iea.org/data-and-statistics.

[4] United Nations. Framework Convention on Climate Change. Adoption of the Paris
Agreement. 21st Conference of the Parties. France, 2015. 2015.

[5] European Commission. The European Green Deal. 2020.
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal _en.

[6] Urge-Vorsatz D, Eyre N, Graham P, Harvey D, Hertwich E, Jiang Y, et al. Chapter
10 - Energy End-Use: Building. Glob. Energy Assess. - Towar. a Sustain. Futur.,
2012, p. 649-760.

[7] Dulac J. Perspectives for a Clean Energy Transition. The Critical Role of
Buildings. Energy  Transit Prog Outlook to 2020 2019:117.
doi:10.1017/CB09781107415324.004.

[8] OECDI/IEA. The Future of Cooling - Opportunities for energy-efficient air
conditioning 2018:92.

[91 Yang L, Yan H, Lam JC. Thermal comfort and building energy consumption
implications - A review. Appl Energy 2014;115:164-73.
doi:10.1016/j.apenergy.2013.10.062.

[10] Gautam A, Chamoli S, Kumar A, Singh S. A review on technical improvements,
economic feasibility and world scenario of solar water heating system. Renew
Sustain Energy Rev 2017;68:541-62. doi:10.1016/j.rser.2016.09.104.

[11] Santamouris M, Asimakopoulos DN. Passive cooling of buildings. London: James
& James; 1996.

[12] Smale AP, Chuss DT, Chuss DT, Greason MR. Cosmic Background Explorer
2008. http://lambda.gsfc.nasa.gov/product/cobe/.

[13] Fernandez N, Wang W, Alvine K, S K. Energy Savings Potential of Radiative
Cooling Technologies 2015:72.

[14] Nasa. Earth’s Energy Budget 2017. https://www.nasa.gov/feature/langley/what-is-
earth-s-energy-budget-five-questions-with-a-guy-who-knows/.

[15] World Bank Group/ESMAP/ Solargis. Global Horizontal Irradiation (SGI) Map

110



References \U/

+

b 4 X

Universitat de Lleida

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

111

and Direct Normal Irradiation (DNI) Map 2019. https://solargis.com/maps-and-
gis-data/download/world.

Faninger G. The Potential of Solar Thermal Technologies in a Sustainable Energy
Future. IEA Sol Heat Cool Program 2010:1-36.

Bell EE, Eisner L, Young J, Oetjen RA. Spectral-Radiance of Sky and Terrain at
Wavelengths between 1 and 20 Microns. Il. Sky Measurements. J Opt Soc Am
1960;50:1313-20. doi:10.1364/JOSA.50.001313.

Bliss RW. Atmospheric radiation near the surface of the ground: A summary for
engineers. Sol Energy 1961;5:103-20. doi:10.1016/0038-092X(61)90053-6.

Granqvist CG, Hjortsberg A, Eriksson TS. Radiative Cooling to Low
Temperatures with Selectively IR-Emitting Surfaces. Thin Solid Films
1982;90:187-90.

Raman AP, Anoma MA, Zhu L, Rephaeli E, Fan S. Passive radiative cooling below
ambient air temperature under direct sunlight. Nature 2014;515:540-4.
doi:10.1038/nature13883.

Lu X, Xu P, Wang H, Yang T, Hou J. Cooling potential and applications prospects
of passive radiative cooling in buildings: The current state-of-the-art. Renew
Sustain Energy Rev 2016;65:1079-97. doi:10.1016/j.rser.2016.07.058.

Vall S, Castell A. Radiative cooling as low-grade energy source: A literature
review. Renew Sustain Energy Rev 2017;77:803-20.
doi:10.1016/j.rser.2017.04.010.

Goldstein EA, Nasuta D, Li S, Martin C, Raman A, Goldstein E. Free Subcooling
with the Sky: Improving the efficiency of air conditioning systems Free
Subcooling with the Sky: Improving the efficiency of air conditioning systems. Int
Refrig Air Cond Conf 2018.

SkyCoolSystems. SkyCool Systems 2020. https://www.skycoolsystems.com.

Cavelius R, Isaksson C, Perednis E, Read GEF. Passive cooling technologies,
Austrian Energy Agency. 2005.

Chen L, Zhang K, Ma M, Tang S, Li F, Niu X. Sub-ambient radiative cooling and
its application in buildings. Build Simul 2020;13:1165-89. d0i:10.1007/s12273-
020-0646-X.

Li Z, Chen Q, Song Y, Zhu B, Zhu J. Fundamentals, Materials, and Applications
for Daytime Radiative Cooling. Adv Mater Technol 2020;5:1-19.
doi:10.1002/admt.201901007.

Li W, Li Y, Shah KW. A materials perspective on radiative cooling structures for
buildings. Sol Energy 2020;207:247—69. doi:10.1016/j.solener.2020.06.095.

Zhao D, Aili A, Zhai Y, Xu S, Tan G, Yin X, et al. Radiative sky cooling:
Fundamental principles, materials, and applications. Appl Phys Rev 2019;6.
doi:10.1063/1.5087281.

Kou J, Jurado Z, Chen Z, Fan S, Minnich AJ. Daytime radiative cooling using
near-black infrared emitters. ACS Photonics 2017:acsphotonics.6b00991.



\U/ References

Universitat de Lleida

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

doi:10.1021/acsphotonics.6b00991.

Zhou L, Song H, Liang J, Singer M, Zhou M, Stegenburgs E, et al. A
polydimethylsiloxane-coated metal structure for all-day radiative cooling. Nat
Sustain 2019;2:718-24. doi:10.1038/s41893-019-0348-5.

Meng S, Long L, Wu Z, Denisuk N, Yang Y, Wang L, et al. Scalable dual-layer
film with broadband infrared emission for sub-ambient daytime radiative cooling.
Sol Energy Mater Sol Cells 2020;208:110393. doi:10.1016/j.solmat.2020.110393.

Mandal J, Fu Y, Overvig AC, Jia M, Sun K, Shi NN, et al. Hierarchically porous
polymer coatings for highly efficient passive daytime radiative cooling. Science
(80-) 2018;362:315-9. doi:10.1126/science.aat9513.

Liu J, Zhang D, Jiao S, Zhou Z, Zhang Z, Gao F. Daytime radiative cooling with
clear epoxy resin. Sol Energy Mater Sol Cells 2020;207:110368.
d0i:10.1016/j.solmat.2019.110368.

Zhai Y, Ma Y, David SN, Zhao D, Lou R, Tan G, et al. Scalable-manufactured
randomized glass-polymer hybrid metamaterial for daytime radiative cooling.
Science (80-) 2017;355:1062-6. doi:10.1126/science.aai7899.

Fan D, Sun H, Li Q. Thermal control properties of radiative cooling foil based on
transparent fluorinated polyimide. Sol Energy Mater Sol Cells 2019;195:250—7.
doi:10.1016/j.solmat.2019.03.019.

Zhao B, Hu M, Ao X, Pei G. Performance evaluation of daytime radiative cooling
under different clear sky conditions. Appl Therm Eng 2019;155:660-6.
doi:10.1016/j.applthermaleng.2019.04.028.

Lee GJ, Kim YJ, Kim HM, Yoo YJ, Song YM. Colored, Daytime Radiative
Coolers with Thin-Film Resonators for Aesthetic Purposes. Adv Opt Mater
2018;6:1-8. d0i:10.1002/adom.201800707.

Zhu Y, Wang D, Fang C, He P, Ye YH. A multilayer emitter close to ideal solar
reflectance for efficient daytime radiative cooling. Polymers (Basel) 2019;11:1—
10. d0i:10.3390/polym11071203.

Ao X, Hu M, Zhao B, Chen N, Pei G, Zou C. Preliminary experimental study of a
specular and a diffuse surface for daytime radiative cooling. Sol Energy Mater Sol
Cells 2019;191:290-6. doi:10.1016/j.solmat.2018.11.032.

Jeong SY, Tso CY, Ha J, Wong YM, Chao CYH, Huang B, et al. Field
investigation of a photonic multi-layered TiO2 passive radiative cooler in sub-
tropical climate. Renew Energy 2020;146:44-55.
doi:10.1016/j.renene.2019.06.119.

Huang X, Li N, Wang J, Liu D, Xu J, Zhang Z, et al. Single Nanoporous
MgHPO4-1.2H20 for Daytime Radiative Cooling. ACS Appl Mater Interfaces
2020;12:2252-8. doi:10.1021/acsami.9b14615.

Jeong SY, Tso CY, Wong YM, Chao CYH, Huang B. Daytime passive radiative
cooling by ultra emissive bio-inspired polymeric surface. Sol Energy Mater Sol
Cells 2020;206:110296. doi:10.1016/j.solmat.2019.110296.

112



References \U/

+

b 4 X

Universitat de Lleida

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

113

Li N, Wang J, Liu D, Huang X, Xu Z, Zhang C, et al. Selective spectral optical
properties and structure of aluminum phosphate for daytime passive radiative
cooling application. Sol Energy Mater Sol Cells 2019;194:103-10.
doi:10.1016/j.solmat.2019.01.036.

Yang Y, Long L, Meng S, Denisuk N, Chen G, Wang L, et al. Bulk material based
selective infrared emitter for sub-ambient daytime radiative cooling. Sol Energy
Mater Sol Cells 2020;211:110548. doi:10.1016/j.solmat.2020.110548.

Li T, Zhai Y, He S, Gan W, Wei Z, Heidarinejad M, et al. A radiative cooling
structural material. Science 2019;364:760-3. doi:10.1126/science.aau9101.

Torgerson E, Hellhake J. Polymer solar filter for enabling direct daytime radiative
cooling. Sol Energy Mater Sol Cells 2020;206:110319.
doi:10.1016/j.s0lmat.2019.110319.

Ziming C, Fugiang W, Dayang G, Huaxu L, Yong S. Low-cost radiative cooling
blade coating with ultrahigh visible light transmittance and emission within an
“atmospheric window.” Sol Energy Mater Sol Cells 2020;213:110563.
d0i:10.1016/j.solmat.2020.110563.

Bhatia B, Leroy A, Shen Y, Zhao L, Gianello M, Li D, et al. Passive directional
sub-ambient  daytime radiative cooling. Nat Commun 2018;9:1-8.
d0i:10.1038/s41467-018-07293-9.

Hu M, Zhao B, Ao X, Ren X, Cao J, Wang Q, et al. Performance assessment of a
trifunctional system integrating solar PV, solar thermal, and radiative sky cooling.
Appl Energy 2020;260:17. doi:10.1016/j.apenergy.2019.114167.

Hu M, Zhao B, Ao X, Zhao P, Su Y, Pei G. Field investigation of a hybrid
photovoltaic-photothermic-radiative cooling system. Appl Energy 2018;231:288—
300. doi:10.1016/j.apenergy.2018.09.137.

Zhao D, Aili A, Zhai Y, Lu J, Kidd D, Tan G, et al. Subambient Cooling of Water:
Toward Real-World Applications of Daytime Radiative Cooling. Joule
2019;3:111-23. d0i:10.1016/j.joule.2018.10.006.

Goldstein EA, Raman AP, Fan S. Sub-ambient non-evaporative fluid cooling with
the sky. Nat Energy 2017;2:1-7. doi:10.1038/nenergy.2017.143.

Aili A, Zhao D, Lu J, Zhai Y, Yin X, Tan G, et al. A kW-scale, 24-hour
continuously operational, radiative sky cooling system: Experimental
demonstration and predictive modeling. Energy Convers Manag 2019;186:586—
96. doi:10.1016/j.enconman.2019.03.006.

YuanJ, Yin H, Cao P, Yuan D, Xu S. Daytime radiative cooling of enclosed water
using spectral selective metamaterial based cooling surfaces. Energy Sustain Dev
2020;57:22-31. doi:10.1016/j.esd.2020.04.008.

Hu M, Zhao B, Ao X, Feng J, Cao J, Su Y, et al. Experimental study on a hybrid
photo-thermal and radiative cooling collector using black acrylic paint as the panel
coating. Renew Energy 2019;139:1217-26. doi:10.1016/j.renene.2019.03.013.

Chen Z, Zhu L, Li W, Fan S. Simultaneously and Synergistically Harvest Energy
from the Sun and Outer Space. Joule 2019;3:101-10.



\U/ References

Universitat de Lleida

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

doi:10.1016/j.joule.2018.10.009.

Chen Z, Zhu L, Raman A, Fan S. Radiative cooling to deep sub-freezing
temperatures through a 24-h day-night cycle. Nat Commun 2016;7:1-5.
doi:10.1038/ncomms13729.

Zhao B, Hu M, Ao X, Chen N, Xuan Q, Jiao D, et al. Performance analysis of a
hybrid system combining photovoltaic and nighttime radiative cooling. Appl
Energy 2019;252:113432. doi:10.1016/j.apenergy.2019.113432.

Hu M, Zhao B, Ao X, Chen N, Cao J, Wang Q, et al. Feasibility research on a
double-covered hybrid photo-thermal and radiative sky cooling module. Sol
Energy 2020;197:332-43. doi:10.1016/j.solener.2020.01.022.

LiuJ, Zhou Z, Zhang D, Jiao S, Zhang J, Gao F, et al. Research on the performance
of radiative cooling and solar heating coupling module to direct control indoor
temperature. Energy Convers Manag 2020;205:112395.
doi:10.1016/j.enconman.2019.112395.

Michell D, Biggs KL. Radiation cooling of buildings at night. Appl Energy
1979;5:263-75.

Eicker U, Dalibard A. Photovoltaic-thermal collectors for night radiative cooling
of buildings. Sol Energy 2011;85:1322—-35. doi:10.1016/j.solener.2011.03.015.

Berdahl P, Fromberg R. The thermal radiance of clear skies. Sol Energy
1982;29:299-314. doi:10.1016/0038-092X(82)90245-6.

Berdahl P, Martin M. Emissivity of clear skies. Sol Energy 1984;32:663—4.
doi:10.1016/0038-092X(84)90144-0.

Tang R, Etzion Y, Meir IA. Estimates of clear night sky emissivity in the Negev
Highlands, Israel. Energy Convers Manag 2004,;45:1831-43.
doi:10.1016/j.enconman.2003.09.033.

Crawford TM, Duchon CE. An Improved Parameterization for Estimating
Effective Atmospheric Emissivity for Use in Calculating Daytime Downwelling
Longwave Radiation. J Appl Meteorol 1999;38:474-80. d0i:10.1175/1520-
0450(1999)038<0474:AIPFEE>2.0.CO;2.

ur Rehman N, Uzair M, Siddiqui MA, Khamooshi M. Regression Models and
Sensitivity Analysis for the Thermal Performance of Solar Flat-Plate Collectors.
Arab J Sci Eng 2019;44:1119-27. d0i:10.1007/s13369-018-3432-7.

Duffie JA, Beckman WA. Solar Engineering of Thermal Processes. Hoboken, NJ,
USA: John Wiley & Sons, Inc.; 2013. doi:10.1002/9781118671603.

Calise F, Figaj RD, Vanoli L. Experimental and numerical analyses of a flat plate
photovoltaic/thermal solar collector. Energies 2017;10. doi:10.3390/en10040491.

Njomo D, Daguenet M. Sensitivity analysis of thermal performances of flat plate
solar air heaters. Heat Mass Transf Und Stoffuebertragung 2006;42:1065-81.
doi:10.1007/s00231-005-0063-9.

Vall S, Castell A, Medrano M. Energy Savings Potential of a Novel Radiative
Cooling and Solar Thermal Collection Concept in Buildings for Various World

114



+
References \U/

b 4 X

Universitat de Lleida

[73]

[74]

[75]

[76]

[77]

[78]

[79]

115

Climates. Energy Technol 2018;6:2200-9. doi:10.1002/ente.201800164.

Erell E, Etzion Y. Radiative cooling of buildings with flat-plate solar collectors.
Build Environ 2000;35:297-305. doi:10.1016/S0360-1323(99)00019-0.

Bathgate SN, Bosi SG. A robust convection cover material for selective radiative
cooling applications. Sol Energy Mater Sol Cells 2011;95:2778-85.
doi:10.1016/j.solmat.2011.05.027.

Erell E, Etzion Y. Heating experiments with a radiative cooling system. Build
Environ 1996;31:509-17. doi:10.1016/0360-1323(96)00030-3.

Hosseinzadeh E, Taherian H. An Experimental and Analytical Study of a Radiative
Cooling System with Unglazed Flat Plate Collectors. Int J Green Energy
2012;9:766-79. d0i:10.1080/15435075.2011.641189.

Xu X, Niu R, Feng G. An Experimental and Analytical Study of a Radiative
Cooling System with Flat Plate Collectors. Procedia Eng 2015;121:1574-81.
doi:10.1016/j.proeng.2015.09.180.

Hu M, Pei G, Li L, Zheng R, Li J, Ji J. Theoretical and Experimental Study of
Spectral Selectivity Surface for Both Solar Heating and Radiative Cooling. Int J
Photoenergy 2015;2015:1-9. doi:10.1155/2015/807875.

Gentle AR, Smith GB. A Subambient Open Roof Surface under the Mid-Summer
Sun. Adv Sci 2015;2:2-5. doi:10.1002/advs.201500119.



	portadaSergi.pdf
	Design, development and characterisation of a Combined Solar Thermal Collection and Radiative Cooling System for heat and cold production
	Sergi Vall Aubets


