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Resum

La transformacio i 1"as d’energies és essencial per al funcionament de les societats
contemporanies. Pero aquest Us va lligat, des de la Revolucid Industrial, a emissions de
gasos d’efecte hivernacle que han modificat el comportament del clima a nivell mundial,
situacio que s’ha conegut com a canvi climatic. EI nostre repte és el de construir societats
capaces d’adaptar-se a aquests canvis a la vegada que en pal-lien els efectes o, si més no,
no els empitjoren. Una de les estratégies d’adaptacié passa per substituir les fonts

d’energia, que encara avui sn no-renovables, per fonts d’energia netes i renovables.

La tecnologia de refrigeracio radiant, o radiative cooling, es presenta com una alternativa
renovable per a la produccié de fred per a la climatitzacié d’espais. A més a més,
investigacions prévies han demostrat que, mitjancant un sol dispositiu, es pot produir fred
i calor, en moments del dia diferents, aprofitant els fenomens de refrigeracié radiant i
captacio solar. Malgrat tot, la poténcia de produccio de fred és considerablement baixa en
comparacié amb, per exemple, la produccio de calor.

L’objectiu perseguit en aquesta tesi és el d’identificar estratégies que maximitzin el
potencial de les tecnologies combinades de refrigeracio radiant i captacio solar. Al llarg
de la tesi s’estudien tres estratégies consistents en: (1) la utilitzacid6 de cobertes
convectives que redueixin les perdues parasites de conveccio; (2) I’aprofitament del fred
produit per refrigeracio radiant per tal de millorar el rendiment de sistemes energétics
convencionals, reduint el consum d’electricitat; i (3) la identificacio de les regions

europees on el potencial de produccié de fred i calor és maxim.
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Resumen

La transformacion y uso de la energia es esencial para el funcionamiento de las sociedades
contemporaneas. Pero este uso va ligado, desde la Revolucién Industrial, a emisiones de
gases de efecto invernadero que han modificado el comportamiento del clima a nivel
mundial; situacion que se ha conocido como cambio climéatico. Nuestro reto es el de
construir sociedades capaces de adaptarse a estos cambios a la vez que palian sus efectos
0, al menos, no los empeoran. Una de las estrategias de adaptacion pasa por sustituir las
fuentes de energia, que todavia hoy son no renovables, por fuentes de energia limpias y

renovables.

La tecnologia de refrigeracion radiante, o radiative cooling, se presenta como una
alternativa renovable para la produccién de frio para la climatizacién de espacios.
Ademas, investigaciones previas han demostrado que, mediante un solo dispositivo, se
puede producir frio y calor, en momentos del dia distintos, aprovechando los fendmenos
de refrigeracion radiante y captacion solar. Sin embargo, la potencia de produccion de

frio es considerablemente baja en comparacion con, por ejemplo, la produccién de calor.

El objetivo perseguido en esta tesis es el de identificar estrategias que maximicen el
potencial de las tecnologias combinadas de refrigeracion radiante y captacion solar. A lo
largo de la tesis se estudian tres estrategias consistentes en: (1) la utilizacion de cubiertas
convectivas que reduzcan las pérdidas parésitas de conveccion; (2) el aprovechamiento
del frio producido por refrigeracion radiante para mejorar el rendimiento de sistemas
energéticos convencionales, reduciendo el consumo de electricidad; y (3) la identificacién

de las regiones europeas donde el potencial de produccion de frio y calor es maximo.
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Summary

The transformation and use of energy is essential for the functioning of contemporary
societies. But this use has been linked, since the Industrial Revolution, to greenhouse gas
emissions that have changed the global climate behaviour; this situation is known as the
climate change. Our challenge is to build societies that can adapt to these changes while
mitigating their effects, or at least not worsening them. One of the adaptation strategies
Is to replace energy sources, which are still non-renewable, with clean and renewable

energy sources.

Radiative cooling technology is presented as a renewable alternative for the production
of cold for space conditioning. In addition, previous research has shown that, using a
single device, cold and heat can be produced at different times of the day, taking
advantage of the phenomena of radiative cooling and solar heating. Nevertheless, the

power of cold production is considerably low compared to, for example, heat production.

The aim of this thesis is to identify strategies that maximize the potential of combined
radiative cooling and solar heating technologies. Throughout the thesis, three strategies
are studied, consisting of: (1) the use of convective covers that reduce parasitic convection
losses; (2) the use of cold produced by radiative cooling in order to improve the
performance of conventional energy systems, reducing the consumption of electricity;
and (3) the identification of the European regions where the potential for cold and heat

production is maximized.
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Nomenclature

NOTE: Nomenclature used in the papers are defined in the corresponding chapters and are not

included in the following list.

ABBREVIATIONS

BB Black Body

DHW Domestic Hot Water

EU European Union

HDPE High Density Polyethylene

HP Heat Pump

IPCC Intergovernmental Panel on Climate Change
IR Infrared Radiation

LDPE Low Density Polyethylene

PE Polyethylene

PMMA Poly(methyl Methacrylate)

PP Polypropylene

PPO Polyphenylene Oxide

PV Photovoltaic

PVC Polyvinyl Chloride

RC Radiative Cooling

RCE Radiative Collector and Emitter
SH Solar Heating

TRL Technology Readiness Level
uv Ultraviolet Radiation

SYMBOL DESCRIPTION
c Speed of light in the vacuum [m/s?]
€rcannual Average annual radiative cooling energy [KWh/m?]
h Planck’s constant [J-s]
I Spectral radiation [W/m?]


https://www.ipcc.ch/home_languages_main_spanish.shtml
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Boltzmann’s constant [J-K™]

N Number of points [-]

t Timestep [h]

T Temperature [K]

Tutm Temperature of the atmosphere [K]

Toun Temperature of the sun [K]

qcond Conductive heat exchanges with the environment [W/m?]
qconv Convective heat exchanges with the environment [W/m?]
Gnet Net balance per surface unit! [W/m?]

QTc,annual

Average annual radiative cooling power [W/m?]

Qatm Atmospheric radiation [W]

Qcona Conductive heat exchanges with the environment [W]
Qconv Convective heat exchanges with the environment [W]
Qnet Net balance [W]

Q; Radiation emitted by a surface [W]

Qsun Solar radiation [W]

R? Coefficient of determination [-]

RMSE Root Mean Square Error [*?]

a Optical absorptivity [-]

€ Optical emissivity [-]

A Wavelength [m]

A Vector of weights [-]

p Optical reflectivity [-]

o Stefan-Boltzmann’s constant [W/m?2-K]

T Optical transmissivity [-]

1 The term net balance refers to the balance of a radiative surface, which is in direct contact with a system
to be cooled, and the ambient (see equation 4 in page 6). In the consulted literature this term is referred to
Onet OF Qcool, Nere | prefer to use the term gnet, as the balance can have a negative value, resulting in a heating
flux rather than a cooling one.

2 The units of the RMSE depend on the units of the variable used to calculate the RMSE



| X CONTENTS

U

Universitat de Lleida

Index
Chapter 1. INTrodUCTION .....oceoiice e e 1
1. Motivation Of the theSIS ..o 1
2. StAte OF the @t.....c.eeeeieei e 4
2.1  Theoretical background of radiative COOIING ..........cccoovririeiieiieicnccesce 4
2.2  Classification of radiative cO0lING SYStEMS........cccveiiiiiiiieiie e 6
2.3  Combination of radiative cooling with solar energy .........cccecvevieiieciieninnns 9
2.4  Current research trends in radiative COOlING ........ccceevvveiiiiiicieccc e 12
3. Limitations in RC and RCE...........cccooiiiiiiiicereeeses e 15
Chapter 1. Objectives and HYPONESIS.........ccccceiieiiiieieee e 17
Chapter I11. Methodology and PhD thesis StruCture ..........c.ccccoooveveiievveveciecieens 18
1. RCE MOEI ... 19
2. Kriging INtErPOIALOr ........cvieiii et 20
2.1 Data Pre-ProCeSSING......c.ueiueiirieiieeieesieesteesae e e e sreesreesreessaesreesreeaseesreeanes 21
2.2 Radiative cooling calculations ...........cccociviiieiie i 21
2.3 Training Set and teSt SEL........coiiiieiicecie e 23
2.4 Kriging interpolation and maps generation.............ccocevveresieeseevesieeseenens 23
2.5 Model Validation ...........cciiiiiiiieee e 25
3. Structure of the dOCUMENT ........ccoiiiiiiiiccee e 26

Chapter V. Adaptive covers for combined radiative cooling and solar heating. A

review of existing technology and materials ............cccccovviiiiiiic i 29
R 101 10T L1 T [ o SR PRST SRR 29
2. Contribution to the state of the art...........cccoeviveie i 30



| X CONTENTS

U

Universitat de Lleida

3. Contribution to the objective of the PD.........cccccoiiiiiiiiiiec 31
4. Contribution of the CANAIAALE ..........cceiiiiiiiee e 32
5. JOUMNAL PAPET ...t bbb 32

Chapter V. P2: Numerical analysis of the combination of radiative collectors and
emitters to improve the performance of water-water compression heat pumps under

ITFErent CHIMALES ..o s 47
Lo INEFOTUCTION ..ot 47
2. Contribution to the state 0f the art...........ccccoiieiiiiic 48
3. Contribution to the objectives of the thesSiS.........cccoccvvievieiie i 51
4. Contribution of the CANAIAALE ..........coeiiiiiiiee 51
5. JOUMNAL PAPET ...ttt 52

Chapter V1. P3: Potential maps for combined nocturnal radiative cooling and

diurnal solar heating applications iN EUFOPE...........ccceovevierieiieseerie e 84
L. INEFOAUCTION .o 84
2. Contribution to the state 0f the art ... 85
3. Contribution to the objectives of the thesiS.........cccooviieiiiiii e, 88
4. Contribution of the CaNIdAte ............cccceiiiiiiee e 88
5. JOUMNAL PAPET ... 88

Chapter VII1.P4: Mapping night-time and all-day radiative cooling potential in

Europe and the influence of solar reflectivity ...........ccccocoiiiiiiii 106
L. INEFOTUCTION .. 106
2. Contribution to the state Of the art ... 106
3. Contribution to the objectives of the thesiS ..o 109
4.  Contribution of the Candidate ...........ccocooeiiiiiiiiree e 109
TN (o TV g L o Vo T OSSOSO 109



| X CONTENTS

U

Universitat de Lleida

Chapter VII11.P5: Climate change influences in the determination of the maximum
power potential of radiative cooling. Evolution and seasonal study in Europe.... 125

L. INEFOAUCTION .ot 125
2. Contribution to the state Of the art ... 126
3. Contribution to the objectives of the thesiS .........cccccvevevieviviiece e 128
4. Contribution of the CaNIdate ..o 128
5. JOUMAL PAPET ... s 128
Chapter IX. Conclusions and future research............cccocoviiviiiiii e, 154
1. Conclusions OF the theSIS .........ooiiiiiiiiiiiee e 154
2. Recommendations for fUtUre WOrk............ccoceeieienencneneeseee s 159
2.1 IMAEEIIAIS. ..o s 159

p R | 1Y = o =N 159

2.3 CONIOL. ..t 160

2.4 Mapping the potential ..o 160

2.5 Integration Of the RCE .........ccooiiiiie e 160
Chapter X. List of contributions ............cccoeiiiiiiiie e 162
1. Journal papers included in the theSiS.........ccceiiiiiiiiiii e 162
2. Other journal papers CONLIDULIONS .........ccocviiriiieiiie s 162
3. Conference CONrDULIONS..........cciiiiiiiiiece s 162
4. PartiCipation iN PrOJECES .......ccueivirieierieriieie et 164
5. Book chapters contribUtioNS ...........ccoooiiiiiiiic i 164
6.  Other CONIIDULIONS .........ciiiiiieie s 165
] =] =T 011N 166



L CONTENTS
J

Universitat de Lleida

List of figures

NOTE: Figures presented in each paper of the thesis are not listed in this section.

Fig 1. Final energy consumption in the residential sector by fuel in the European Union
0 ) T USSP 2

Fig 2. Final energy consumption in the residential sector by use in the European Union
(20 ) T SRS TPR 2

Fig 3. Part of the main energy products in the final energy consumption in the residential

sector for each type of end-use in the European Union (2019) [4]. ..ccccovveviiniieiieennne 3

Fig 4. Spectral radiation of a blackbody surface of 300K (black curve) and the
atmospheric windows — principal and secondary - in the mid-infrared regions (in blue).
The radiation peak of the surfaces matches the regions of the atmosphere with higher

tranNSPArENCY [20]. .oeivveeiieiii et are e 5

Fig 5. Scheme of the thermal exchanges between the radiative surface (black) and its

U (0101 0T [T TSP 6

Fig 6. Spectrum of emissivity for broadband and selective surfaces (ideal and real cases)
220 PSS STPRTSN 8

Fig 7. Net cooling power emitted by the radiator, as a function of the temperature
difference between radiative cooling surface and ambient, for broadband and selective

surfaces (ideal and real Cases) [20]......cccvereiieieiiieiieie e 8
Fig 8. Sliding adaptive cover proposed by Vall et al. [34].......cccccovviiiiiiiiiiiiiis 11

Fig 9. Mixed radiative cooler and solar heater proposed by Liu et al. [43]. (a) Radiative

cooling mode, (b) Solar heating mode and (c) rotating structure. ............cccccceevevevinnen. 12
Fig 10. Scheme of the thermal model, its nodes and the 1-D electrical analogy. .......... 20

Fig 11. General workflow to generate power and energy potential resource maps....... 21



_ X CONTENTS

U

Universitat de Lleida

Fig 12. Spatial distribution of the sample points in the training set (left) and the test set
(T 1) SRS SSUR OSSN 23

Fig 13. Structure Of the theSIS.........ouiiiiiiees e 28

Fig 14. Comparison of experimental transmittances in the atmospheric window of
different materials grouped in: polymeric, deposited films, pigmented covers and non-

POIYMENIC MALEITAIS. ...eccvviiiic e 31
Fig 15. Conceptual scheme of the reference System. .........ccccocevveveiievieece s, 49

Fig 16. Conceptual scheme of the combination of RCE+HP in the Intermediate Tank

(oo 0} 01U T =V o) o N (LI I TR SO PR PP 50

Fig 17. Conceptual scheme of the combination of RCE+HP in the Peak Load Shifting
CONTIGUIALTION (PLL). 1.vveitieitieie ettt ettt e et enne e 51

Fig 18. Distribution of the meteorological sample points. ..........cccccovveveiiiciie e, 85

Fig 19. Suitability Index (%) for combined radiative cooling and solar heating
applications for different power criteria. According to the criteria bright grey regions are
not suitable for RCE applications. Zones coloured in dark grey have been excluded in this

FESEAICH. ..ottt e et e e e e e e oottt e e e e e e e et e eee e e e e e e ————aaaaaaaaaa 87

Fig 20. Suitability Index (%) for combined radiative cooling and solar heating
applications for different energy criteria. According to the criteria bright grey regions are
not suitable for RCE applications. Zones coloured in dark grey have been excluded in this

LSBT Y. -ttt ettt ettt ettt ettt e e nnnnnnnnnnn 87

Fig 21. Map of annual power potential (kWh/m?2-year) of nocturnal radiative cooling (left)
and all-day radiative cooling of an ideal solar reflective surface (right). Horizontal red
lines divide the map into three zones: north (53.55 N-71.15 N), centre (43.46 N-53.55
N) and south (34.60 N—43.46 N). ....ccoccoreiiiiiiiieiieree e 107

Fig 22. Map of annual energy potential (kWh/m?2-year) of nocturnal radiative cooling

(left) and all-day radiative cooling of an ideal solar reflective surface (right). Horizontal
vi



L CONTENTS
J

Universitat de Lleida

red lines divide the map into three zones: north (53.55 N-71.15 N), centre (43.46 N—
53.55 N) and south (34.60 N—43.46 N). .....ccceoeririrmriniiirieise e 107

Fig 23. Resource maps of the evolution of the all-day radiative cooling power potential
(in W/m?) under the context of climate change. Study of the scenario A1B proposed in
the AR4 by the IPCC. Black horizontal lines divide the map into three regions: north
(53.55 N-71.15 N), centre (43.46 N-53.55 N) and south (34.60 N-43.46 N)............. 126

Fig 24. Evolution of the average ambient temperature (left) and atmospheric radiation
(right) under the three different IPCC scenarios (A1B, B2 and B1). ........cccccccevvninene 127

vii



L CONTENTS
J

Universitat de Lleida

List of tables

NOTE: Tables presented in each paper of the thesis are not listed in this section.

Table 1. Performance of the Kriging models in radiative cooling and solar heating maps.

Table 2. Minimum, average and maximum values for each solar reflectivity. Potential

Maps Of RC POWET (W/M2). .....vuiueiieceeieieieicie ettt 108

Table 3. Minimum, average and maximum values for each solar reflectivity. Potential

maps of annual RC energy (KWh/M2-YEar). .........ccceeuerrveveereeereseeeeeesesessisesesenenes 108

viii



X CHAPTER I

e
\/ Introduction

Universitat de Lleida

»

Chapter I. Introduction

1. Motivation of the thesis

The transformation and use of energy is essential for the functioning of today's societies;
most human activities are possible thanks to the ability to extract energy from different
sources and use them to our advantage. The various Industrial Revolutions, beginning in
the second half of the 18th century, led to the replacement of the energy sources available
at that time by coal, oil, natural gas and electricity. Since then, energy consumption
continues growing, driven by population increase and industrial and economic growth, as

well as improvements in standards of life.

Fossil fuels represent 70% of the energy sources used today [1]. The emissions of gases
into the atmosphere associated with the consumption of these fossil fuels have contributed
to the long-term risk of climate change. This latest statement has reached a consensus
among the scientific community [2] and currently represents a world-wide major concern,

which forces us to rethink the fossil fuel-based energy model.

In the European Union this challenge is being addressed in the latest public directives.
The most recent one, European Green Deal, signed in 2020, expresses the will of the
member countries to reduce the EU’s emissions. The plan approved a financing
equivalent to 1.8 trillion to suppress CO2 emissions by 2050 and decouple the region's

economic growth from material resources [3].

1.1.Energy consumption in Buildings

The building sector is one of the sectors which consumes more energy. In 2019, the
consumption of final energy was estimated to be 40%, accounting for 36% of the CO2
emissions [4] in the EU. Energy loads in residential buildings are mainly covered by gas
(32.1%) and electricity (24.7%), while renewables represent a 19.5% of the total share
(Fig 1). The energy consumption used in space heating accounts for the 63.6% of the total
consumption; 14.8%, for water heating; 0.4%, for space cooling, and the rest is dedicated
to other usages such as lighting, appliances or cooking. Almost 80% of the energy

consumed in homes is used for thermal conditioning (Fig 2) [5]. Space heating is done
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using different sources: mainly gas, but with a high impact of renewable energies (Fig 3).

On the other hand, space cooling is all achieved by means of electricity consumption: in

2016 refrigeration accounted for 18.5% of the electricity consumption worldwide [6].
Renewables and

Wastes
19.5%

Electricity
24.7%

Oil & Petroleum

Products
11.6% Derived Heat
8.7%
Solid Fuels
34%

Gas
321%

Fig 1. Final energy consumption in the residential sector by fuel in the European Union (2019)

[4].

Lighting and ~ Other end uses

appliances 1.0 %
14.1 %

Cooking
6.1%

Water heating

14.8 %
Space heating

63.6 %

Space cooling
04 %

Fig 2. Final energy consumption in the residential sector by use in the European Union (2019)

[4].
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100%
= Renewables and wastes

90%

80% u Petroleum products

70%

60% = Solid fuels
50%

=Gas
40%

30%
Derived heat

20%

10%

o — N

Space heating Space cooling Water heating Cooking Lighting and Other end uses
appliances

= Electricity

Fig 3. Part of the main energy products in the final energy consumption in the residential sector
for each type of end-use in the European Union (2019) [4].

It is foreseeable that, continuing the same path, the energy consumption used in
refrigeration in household increases as a result of the rising of the global temperatures
and the new episodes of heat waves which, in turn, implies new CO2 emissions to the
atmosphere; contributing to a vicious circle. To meet the thermal energy requirements in
buildings, two types of strategies should be adopted: passive strategies to reduce to total
requirements (thermally insulated envelopes, suppression of thermal bridges, facades
orientation, etc.) and active strategies such as the usage of energy from efficient and

renewable sources.

Nowadays, there already exists technologies, with commercial applications, to renewably
fulfil heating and DHW needs by taking advantage of solar heating [7]. For space cooling,
the compression heat pump is the most widely used technology, which consumes a large
amount of electricity and involves the use of refrigerants that can be leaked into the
environment, causing damage to it [8]. Another technology for refrigeration is absorption
cooling, which uses heat to produce cooling energy [9]. However, this latter technology
is a more complex solution that has low performance and is not valid for all types of
buildings due to its volume and weight.

In the last years, technologies based on the phenomena of radiative cooling (RC) have
emerged as a feasible alternative for the renewable production of cold [10]-[12].

3
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Moreover, RC can be combined with other functionalities such as solar heating or
photovoltaics. The present thesis focuses in the combination of radiative cooling and solar
heating to generate both cold and heat for space conditioning purposes, studying

strategies to harness its maximum cold production.
2. State of the art

2.1  Theoretical background of radiative cooling

Radiative cooling is the natural process by which terrestrial bodies reduce their
temperature by emitting infrared radiation towards space, which is at near 3K [13]), used
as a thermal sink. The peaks of radiation emitted by the terrestrial bodies fall in the
wavelength range of 7-14 um. In this range, the Earth's atmosphere is highly transparent,
allowing radiation to escape from the atmosphere and dissipate into the outer space [14],
[15].

Temperatures below ambient can be achieved as a result of radiative cooling phenomenon
[16], [17]. In 400 BC, people in ancient Iran already took advantage of radiative cooling
to produce ice during clear nights in icehouses structures named Yakchals [18]. In the
current era this phenomenon has begun to be studied systematically and it has gained
attention, in the last years, as it is considered an attractive solution for renewable cold

production.

All bodies emit electromagnetic radiation whose characteristics depend on its
temperature. The spectral radiation of a black body at temperature T is expressed
according to Planck’s law (eq. 1), where T is the temperature, 1 is the wavelength, h is
the Planck’s constant, k is the Boltzmann constant and c is the speed of light in the
vacuum.

2 2 1
mhc )

5 hc
A e AkT — 1

Igg (T, /1) =

The total power emitted by a surface is related to the integral of the spectral radiance Iz
(eq. 2). Where [ df2cos6 is the integral of the solid angle on the hemi-sphere and ¢ is the

average emissivity of the emitting surface. On the report of the Kirchoff's law of thermal

4
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radiation, for a body in thermodynamic equilibrium, the spectral emissivity is equal to the

spectral absorptivity (eq. 3).

Pooa(T) =A J dfcos0 f wdl Igs (T, De(A,0) (2)
0

& = Qg (3)

Surfaces at near ambient temperatures (~ 300 K) radiate long-wave energy. This spectral
intensity in the mid-infrared range has peaks in the range of 7-14 xm. In this range the
atmosphere is highly transparent (Fig 4), which is known as atmospheric window [19].
The radiation emitted partially matches the atmospheric window and can escape the
atmosphere and dissipate into outer space. In mid-infrared there are two smaller
atmospheric windows, at 3.2—4.8 and 1623 um wavelengths, which complement the heat

dissipation process.
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Fig 4. Spectral radiation of a blackbody surface of 300K (black curve) and the atmospheric
windows — principal and secondary - in the mid-infrared regions (in blue). The radiation peak of
the surfaces matches the regions of the atmosphere with higher transparency [20].

Radiative cooling occurs when an imbalance exists between the emitted and the absorbed
heat, allowing to reach temperatures below room temperature (eq. 4). Radiation absorbed
by the surface includes solar radiation, atmospheric radiation, and non-desired parasitic

losses with the environment (convection and conduction) (Fig 5).



X CHAPTER I

e
\/ Introduction

Universitat de Lleida

»

Qnet = Qs(Ts) - Qatm(Tatm) - qun(Tsun) — Qcona — Qconv (4) 3

Atmospheric IR radiation (Qgep) Solar radiation (Qsyn)

Surface emitted radiation (Q;)
Convective heat @
exchange (Qcony)

?

( Conductive heat
exchange (Qcona)

Fig 5. Scheme of the thermal exchanges between the radiative surface (black) and its
surroundings.

This phenomenon occurs mainly during clear nights, in the absence of solar radiation.
However, with the development of new metamaterials - which can reflect more than 90%
of solar radiation - it has been possible to produce cold by radiative cooling during
daylight hours [21]-[24].

2.2  Classification of radiative cooling systems

In the literature the radiative cooling systems are classified according to different criteria
depending on the needs of the authors. This section contextualizes the different criteria

and presents an overall view of the different systems.

3 At first sight this equation might seem to violate the first law of thermodynamics. The terms at the right
of the equation represent the entering and exiting heat fluxes from the control volume and, in stationary
state, the value of gnet Should be zero. Nevertheless, there exists another flux - which is intrinsictly
represented by the term gne:— Which is the heat exchange from the system to be cooled by means of radiative
cooling. This system, in direct contact with the radiative cooling surface (either through the enclosures of
a building or through a liquid flowrate inside pipes in contact with the surface), dissipates heat to this
surface which, in turn, dissipates heat by means of radiative cooling. This invisible apportion of energy
validates the law of conservation. In the literature the balance is expressed as in equation 4 and, to be
consistent with the literature, in this thesis | will be using this notation.
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2.2.1  Nocturnal and Daytime Radiative Cooling

Radiative cooling-based technologies can be classified into two major groups based on
the targeted operation time. Nocturnal radiative cooling systems operate only during the
night hours, while daytime radiative cooling systems (also named all-day radiative
cooling) operate both during day and night.

The difference between the nocturnal and daytime RC systems is due to the materials
used on the emitting surface. Due to the strong influence of the solar radiation the
phenomenon of radiative cooling was only achieved during the night, in the absence of
solar radiation. However, in recent years, materials science has succeeded in developing
new materials that have properties that do not exist in nature [21], [22]. In the field of
study of radiative cooling, materials have been developed that have a high reflectivity to
solar radiation, allowing radiative cooling even during the daytime, in the presence of
peaks of solar radiation [24], [25].

2.2.2  Broadband and Selective emitters

Radiative cooling surfaces can be categorized into two major groups depending on the
emissivity properties: selective emitters and broadband emitters [26]. Selective emitters
have high emissivity- with values close to 1 - only in the atmospheric window. Broadband
emitters, instead, behave like a black body with close-to-unit emissivity in all the mid-
infrared wavelength, benefiting from the other smaller atmospheric windows. When
emitting in a greater range the emitted radiation will be greater in a broadband surface;
however, according to Kirchoff’s law (eq 3) the radiation absorbed by the surroundings
will also be higher. In Fig 6 it can be seen the differences between the two types of

radiators.
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Fig 6. Spectrum of emissivity for broadband and selective surfaces (ideal and real cases) [20].

Literature points out that depending on the application one surface or the other is
preferable. Broadband emitters produce higher cooling powers for above ambient
temperatures applications [20], between 100 and 130 W/m? [27]; while the average power
dissipated in selective emitters is between 60-80 W/m?2. The largest temperature
difference is achieved, however, in a selective surface [27]. For sub-ambient temperature

applications, a selective surface is more appropriate (Fig 7).
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Fig 7. Net cooling power emitted by the radiator, as a function of the temperature difference
between radiative cooling surface and ambient, for broadband and selective surfaces (ideal and
real cases) [20].
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2.2.3  Active and passive systems

To reduce the temperature of a surface by dissipating excess heating to the outer space is
a passive cooling strategy. On the other hand, if the cooling power at the radiator is
transmitted to a heat transfer fluid flowing through pipes in contact with a radiative panel,

then it is considered an active strategy.

Passive RC is used in building envelopes, especially in selective paints and roofs [28] that
allow energy to radiate to the outside; the cooled roof helps to reduce conductive heat
gains from the outside, preserving a more adequate interior temperature. Active strategies
have been studied to be more versatile: the cooled fluid can be stored and used to deliver

cold to inner spaces [29]-[33].
2.3  Combination of radiative cooling with solar energy

Nocturnal radiative cooling only occurs during a short period of the day; this makes the
technology inefficient in terms of space and operation. As suggested by Vall et al [34],
combining radiative cooling with other technologies, which do not operate during the
night, could make the technology more cost-effective. In this section the different ways

of combining RC with other technologies available in the literature are exposed

2.3.1  Photovoltaic

Some authors have proposed to combine RC with photovoltaic (PV) systems. Solar cells
absorb solar energy and convert it into electricity through the photoelectric effect. In
2019, Zaho et al [35] developed a new PV-RC hybrid system capable of producing
electricity during the day and nocturnal RC. The device exhibited high solar absorption
in the PV band (0.3-1.1 um) and high emissivity in the range between 4-25 xm. The results
showed that the device was able to provide both electricity and cold: it achieved an
average electrical conversion of 12.4% in PV mode and a reduction of surface
temperature equivalent to 12.7 °C, although not all the reduction was attributable to RC

effect.

Another achievement in this field has been the use of the RC phenomenon in order to
improve the efficiency of solar cells. The electrical conversion efficiencies of

photovoltaic panels are 15-22% [36]. Part of the radiation is absorbed and transformed
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into heat: for every 1°C increase in the cell temperature, its conversion efficiency can be
reduced by 0.45% in Si-based solar cells. Safi and Munday [37] stated that solar cells
could be cooled to sub ambient temperatures thanks to radiative cooling. Li et al [36]
combined a multilayer film-based daytime radiative cooler into a photovoltaic cell; the
results showed a difference in cell temperature of 5.7 °C with and without the radiative

cooling film, improving its absolute efficiency up to 0.56%.

2.3.2  Solar Heating

Despite radiative cooling and solar heating have different behaviours, the operations are
analogous (both are achieved in the surface by means of absorbing/emitting of
electromagnetic radiation). Because of this, various authors have proposed the
combination of both functionalities in one single device, enabling the production of both
heat and cold [34], [38]-[40]. This device has received different names but in this thesis
we are using the denomination Radiative Collector and Emitter (RCE) proposed by Vall
et al [34].

Matsuta et al. [38] and later Erell and Etzion [42],[43] were the first to propose a
combination of solar heating and radiative cooling functionalities. The first results
showed lower performance in combined system than in separate systems. The findings
by Erell and Etzion, and Zhao et al. pointed out the negative effects of convection during
solar heating [42] and sub-ambient radiative cooling [33]; revealing the importance of

supressing this heat exchange.

Convective cover — a cover which separates the emitting/absorbing surface from the
environment —is a solution to supress convective heat exchanges. Each functionality relies
on different wavelength from the electromagnetic spectrum: nocturnal radiative coolers
emit in the range of the mid-infrared while daytime solar collectors absorb in the range
0.2-3 um and block infrared radiation, necessary to achieve radiative cooling. Polymeric
covers are transparent to infrared and solar radiation; it implies that the RCE in solar
heating mode would worsen the heating performance (the greenhouse effect achieved
with glass cover is lost). Thus, the cover must be able to tune its optical properties to
operate in different working modes, allowing it to absorb sunlight in heating mode and to

emit mid-infrared radiation in cooling mode. The latter makes the design of the RCE more
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complex. Glass has become a standard for solar heating applications, but it is not suitable
for RC as it blocks infrared radiation during night. There is not yet a standard solution for
RC applications. The most common are the polymeric covers, however they present

structural degradation.

Vall et al. [34] proposed a design for an adaptive cover consisting of two elements: a
fixed polyethylene cover and a glass cover capable of sliding over the device depending
to the operating mode (Fig 8). Liu et al. [43] alternatively designed a combined device
made of 10 um polyethylene film, a porous cooling material with near unity infrared
emissivity in the 8-13 um range, aluminium conductor substrate, providing heat
conductivity, and a solar absorbing material coated with chromium plating (solar
absorptivity of 95%) (Fig 9a and Fig 9b). Radiative cooling was achieved on one layer
of the device while solar collection was done on the other layer of the device; the

switching between modes was achieved with a rotating shaft (Fig 9c¢).

=

Fig 8. Sliding adaptive cover proposed by Vall et al. [34].
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Fig 9. Mixed radiative cooler and solar heater proposed by Liu et al. [43]. (a) Radiative cooling
mode, (b) Solar heating mode and (c) rotating structure.

Taking advantage of solar heating and radiative cooling can reduce the dependence to
non-renewable energy sources for space conditioning and domestic hot water.
Combining both functionalities in one single device will make the investment more cost-

effective. The payback of this technology could be of a period of 8 years [44].

This last concept of radiative collectors and emitters (RCE) is the central technology
studied in this thesis, which will be further discussed in the next chapters.

2.4 Current research trends in radiative cooling

Although radiative cooling has been studied systematically since the middle of the last
century, in the last few years it has developed a new interest. After reviewing the literature
two main research trends have been identified: the development of new materials and the

integration with the built environment.

2.4.1  Development of new materials
The vast majority of scientific papers published recently in the field of radiative cooling
focus on the development of new materials (especially for daytime RC). Radiative

cooling materials can be classified as materials for the emitting surface or cover materials

12
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to prevent convective exchanges and enable or avoid radiative exchanges, named

convective covers.

Selective surface materials can be classified into: (1) polymer thin films placed on top of
a metallic surface (PVC, PMMA, PPO, pigmented polymeric foils) [45]-[47], (2)
silicone-based thin films (SiO, SiO2, SiOxNy, SiN) [16], [48]-[50], (3) gas confined in
gas slabs (spectrometry techniques found that ethylene (C2H4), ethyl oxide (C2H4O) and
ammonia (NHs) are three gases which in the presence of low humidity show high
emissivity in the atmospheric window range) [51], [51], [52] and (4) metamaterials and
photonic materials for daytime applications, consisting on optimized patterned structures
designed in a scale lower than the wavelength of the solar light, which proved emittances
in the atmospheric window higher than 90% - with records of 99% [53] - and solar
reflectance close to 99% [53]-[55].

In Vila et al. [56] we proposed a classification of materials for convective covers which
distinguished the polymeric covers, pigmented covers, deposited film, zinc crystal-based
covers, and cadmium films. We also suggested that smart materials could become another
solution for convective covers, but the literature analysed did not offer a characterization

of the infrared range.

As it is discussed in Chapter 1V, much attention has been put to the development of new
materials for selective surfaces, especially metamaterials for daytime application.
However, there is not much research done on the development of materials for convective

COVErs.

2.4.2  Integration with the built environment
The integration of radiative cooling in different energy systems in order to use the cold
produced, and the benefits derived from the integration, is another outstanding line of

research in the field of radiative cooling.

Wang et al. [57] simulated a photonic radiative cooler integrated in a radiant floor cooling
system in a medium office building, showing electricity savings equal of 42%, in
comparison with a reference conventional system. Vall et al. [34] studied the capacity of

13
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an RCE to meet the energy demands in hotels, residential and commercial buildings in

different climatic zones.

Cui et al. [58] manufactured a passive radiative sky cooling envelope for a
telecommunication base station, the energy savings derived are between 6.77% and
64.29%, which corresponded to a saving of between 21.94 kWh/m? — 52.74 KWh/m?.
Medrano et al. [59] numerically analysed the improvement of the integration of RCE
panels in seven food industries, the results showed potential electricity savings between
13% up to 62%. Zhang et al [60] modelled a hybrid daytime radiative cooler coupled to
a tank to store cold, which could later be used to precool the air in an air-conditioner for
a single-family house in four locations in the USA,; electricity savings in the range from
26% to 46% were expected.

The combination of radiative coolers with phase-change materials has been proposed by
various authors [61]-[63]. Large energy storage associated with phase-change materials
allows to maintain an isothermal process during the cooling process, which would allow

to maintain higher and nearly constant efficiencies throughout the process [63].

Another possibility of integration is the coupling of radiative cooling systems on the
condenser side of a compression heat pump (HP), which could improve its seasonal
coefficient of performance (COP), contributing to the reduction of the electricity
consumed by the system. The electricity consumed is reduced by approximately 3.5% for
every °C reduced in the condenser [64]. Cold water produced during night-time by the
RC is used to reduce the thermal difference between the condenser and the evaporator in
a water-water heat pump. Goldstein et al. [65] simulated a two-storey office building, in
Las Vegas, with a combined RC+HP system; the results showed electricity savings of
21% during summer. Finally, a novel design was proposed by Hu et al.[66], combining a
traditional solar absorption chiller with radiative cooling, to provide continuously cold
during 24h. The authors stated that this design could reduce the demanding space of the
system and the storage tank of absorption chillers, while making it more stable through

the whole day.
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3. Limitations in RC and RCE

From the review of the existing literature, limitations have been detected that affect the

radiative cooling process and may worsen its performance.

Radiative coolers have low cooling rates, between 20 and 80 W/m? with peak values of
120 W/m? [34], which represent an order of magnitude lower than those achieved in solar

heating.

Various authors have proposed the use of convective barriers which separate the emitting
surface from the environment, cutting down convective heat exchanges [44] and enabling
surface cooling below ambient temperature [21], [33]. In order to illustrate the above, we
can use as an example the case of Zhao et al. [33] , who, when experimentally studying
the effects of wind in a radiative cooler, observed a difference between the heat transfer
fluid and the environment equal to 7° C with the use of convective cover, and only 4.3°C

without convective cover.

Moreover, radiative cooling is highly dependent on the climatology. Studies can be found
in the literature evaluating the potential of radiative cooling in various climates and
regions. Argiriou et al. [67] estimated the sky temperature depression and the night time
performance of a RC flat plate in different countries in southern Europe, concluding that
this region exhibited potential to apply this technology. Bijarniya et al. [68] studied the
radiative cooling potential in five cities in India; cities with low humidity presented better

performance of radiative cooling.

Li et al., using a deterministic interpolation model, presented radiative cooling resource
maps in the USA [69], showing an average power of 50.5 W/m?. Chang and Zhang used
a stochastic interpolation model, called Kriging, to generate maps based on weather data
from 351 stations in China [70]. The model presented high accuracy. Aili et al.[71]
produced global maps of net cooling power density, showing an uneven distribution of
the cooling potential: the regions with the highest potential are uninhabited regions
whereas dense areas present a low cooling potential in the order of 10~10% Watts per
capita (WpP).
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Up until this time it does not exist a detailed study of the potential of radiative cooling in
Europe. Moreover, nobody has studied the evolution of this potential under the context
of climate change, due to the rise of the global temperature associated to it. Finally, there
IS not yet a characterization, and comparison, of the potential of all-day radiative cooling
with different solar reflectivities. The thesis aims to close these knowledge gaps. It
investigates the potential for the implementation of RC and RCE-based technologies in
Europe, identifying the areas and seasons with the greatest potential, understanding the
potential as a function of the solar reflectivity, as well as studying the resilience of these

technologies in the context of climate change.
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Chapter II. Objectives and Hypothesis

The cold produced in Radiative Collector and Emitter (RCE) systems is an order of
magnitude lower than the heat produced. The main objective of this thesis is to study

strategies to take profit of the maximum potential of the cold produced by RCE systems.
The research is based on the following hypotheses:

H1.Materials for convective covers in radiative cooling and solar heating
applications, which reduce parasitic losses and increase the net power balance,
have been identified in separate applications. However, materials for convective
covers in combined applications are yet to be identified.

H2.Cold generated in the RCE can be used in combination with other cooling systems
to improve the performances.

H3.There are more suitable regions to use radiative cooling-based systems.

H4.There is a relationship between local climatic conditions and the potential of

radiative cooling.

The general objective of the thesis is divided into the following specific objectives:

O1.To review on adaptive covers for combined radiative cooling and solar heating.

O2. To study candidate materials for radiative cooling covers that minimize
convective heat exchanges and maximize radiative exchanges.

03. To identify the best configurations to integrate RCE in combination with
conventional cooling systems to meet the cooling demands in buildings.

O4.To generate radiative cooling potential maps in Europe in order to identify suitable
regions to implement technology based on RC and RCE systems.

05.To analyse the difference in the potential between nocturnal and all-day radiative
cooling-based technologies.

06.To study the resilience in the implementation of RC technologies under the

context of climate change.
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Chapter I1l.  Methodology and PhD thesis structure

This chapter presents the methodology followed to answer the hypothesis of the thesis
and fulfil the objectives. The core of the thesis is divided into three main parts —
convective cover to improve the efficiency, integration with other systems, and potential
of the technology — which reflect one or two of the hypotheses described in the previous
chapter. The methodology followed in the thesis consisted on two major strategies: first
a deep review of the state of the art and, secondly, the use of simulation tools to emulate
practical implementations of the RCE and to evaluate the performance under different

climates.

The thesis is developed in the frame of the project “Development and evaluation of a
radiative cooling and solar heating system for combined heat and cold production”
RAD-CHC (RTI2018-097669-A-100) of the SEMB group of the University of Lleida.

The document consists of 5 scientific papers. At the time of writing the document, two of
the papers (papers P1 and P4) have already been published in Journal Citation Report
(JCR) journals, while the remaining three (papers P2, P3 and P5) are in the process of

peer review in the corresponding indexed journals.

The literature conceptualization consisted in a review of more than 120 scientific papers,
from 1975 to the current time. This process helped the author to identify the major
research contributions in the field of radiative cooling, the research trends and the
literature gap, as has been exposed in Chapter 1. During this process, special attention
was given to convective covers used to reduce the parasitic heat exchanges and to improve
the efficiency of the system; also, the possibility of using convective covers for combined
solar heating and radiative cooling applications was evaluated during the literature

conceptualization. This is discussed in Chapter V.

The simulation studies were divided into two types of simulations. The first ones used
TRNSYS software [72] to evaluate the transitory evolution of different systems
consisting on an RCE device coupled with a water-water heat pump (see Chapter V).
The simulations were based on a mathematical model of an RCE. The second ones are

based on Kriging interpolation algorithms to generate contiguous maps. Kriging, which
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is a stochastic interpolation method for values prediction at different points from known

reference values, is used in Chapter VI, Chapter VII and Chapter VIII.
1. RCE model

In the thesis a mathematical model of an RCE was used to simulate the transient evolution
of a system combining RCE and water-water heat pumps. The model was developed and
validated with experimental data by Vall et al [73] and is compatible with TRNSY'S tools.

The model calculates the heat entering or leaving the RCE by applying an energy balance
between the RCE, the ambient air and the sky. The radiative balance is discretized into
four ranges of wavelength (0-4 um, 4-7 um, 7-14 um and >14 xm), which allows to use
two different types of convective covers for different types of applications in the same
device: solar heating and radiative cooling.

Inside the RCE, the model divides it into five nodes (Fig 10), corresponding to different
parts of the RCE, and then computes the temperature of each node. The nodes correspond
to the convective cover, the radiative surface, the pipes in contact with the radiative
surface, the insulation and the fluid flowing through the pipe. The model transforms the
relations between nodes into an equivalent one-dimensional electrical circuit which
includes some 2D effects based on simulations in Comsol Multiphysics. The electrical
analogy is a simplification which results in a more flexible and less time-consuming
model. Energy balance includes ordinary first-order differential equations that are solved

by means of an iterative Euler's implicit method until the converging of the system.
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Convective Cover

Radiator plate

Insulation

Fig 10. Scheme of the thermal model, its nodes and the 1-D electrical analogy. Modified
from Vall et al. [73].

2. Kriging interpolator

Kriging interpolation has been used to generate solar heating (Chapter V1) and radiative
cooling potential resource maps in Europe (Chapter VI, Chapter VII and Chapter
VIII). The interpolation allows to predict the radiative cooling potential at unknown
points based on the meteorological data from more than 1800 weather stations in the
continent. The three simulations used the same datasets obtained from the Meteonorm’s
database [74].

Each paper (corresponding to one of the three chapters) presents variations in the
methodology compared to the other papers; these methodologies are described in the
corresponding chapter. Nevertheless, they share a similar underlying approach. In the
three cases we can identify the following steps: a pre-processing of the data, the
calculation of maximum radiative cooling potential in the corresponding weather station,
splitting the dataset into training and test sets, the application of the Kriging interpolation,
and the evaluation of the model’s performance (Fig 11). R programming language and
Rstudio (version 1.3) were used in the whole process. The packages sp and gstat, which

are implemented in Rstudio, were applied for the geospatial prediction.
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Fig 11. General workflow to generate power and energy potential resource maps

2.1 Data pre-processing

The pre-processing of the data included the standardization of variables, the filtration of

diurnal and nocturnal values and the cleaning of NA and unusual values.

The processed dataset collected hourly data for the 365 days of the year which is arranged
in a set of variables which includes ambient temperature, global horizontal solar radiation,
infrared radiation, relative humidity, clearness of the sky or atmospheric pressure.

2.2  Radiative cooling calculations

The radiative cooling phenomenon is the result of the balance between the infrared
radiation emitted by the radiative cooling surface and the heat exchanges absorbed by the
surface. The radiative cooling power potential was calculated using the equation 4

(Chapter 1.2.1). This equation can be further developed as (eq 5):

— 4 4 4
Qnet = gSO-TS - asgskyO-Tamb - (1 - psun) ' gsunaTsun ~ 4cond — Yconv (54)

4 At first sight this equation might seem to violate the first law of thermodynamics. The terms at the right
of the equation represent the entering and exiting heat fluxes from the control volume and, in stationary
state, the value of gnet Should be zero. Nevertheless, there exists another flux - which is intrinsictly
represented by the term gne:— Which is the heat exchange from the system to be cooled by means of radiative
cooling. This system, in direct contact with the radiative cooling surface (either through the enclosures of
a building or through a liquid flowrate inside pipes in contact with the surface), dissipates heat to this
surface which, in turn, dissipates heat by means of radiative cooling. This invisible apportion of energy
validates the law of conservation. In the literature the balance is expressed as in equation 4 and, to be
consistent with the literature, in this thesis | will be using this notation.
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To calculate the maximum radiative cooling power of an ideal surface, the following

premises were assumed and equation 5 was simplified to equation 6.

o

The surface behaved as a black body (e,= a; =1).
b. The surface reflected all the sunlight in radiative cooling mode (with pg,,,= 1).
c. Parasitic thermal exchanges were minimized in the RC surface (qcona = 9conv =
0).
- The device was thermally isolated (q.9nq=0).
- The device had a convective cover (q.on, = 0). Losses related to the optical
properties of the cover were neglected.
d. The RC surface was placed horizontally; all the emitted radiation was projected
towards the atmosphere. Infrared radiation absorbed by the device was coincident
with the atmospheric radiation.

e. Temperature of the RC device was equal to the ambient temperature (T,,,3)-

Qnet,pb = O'T(fmb - gskyO'T;mb = O'T(fmb — Lin (W/mz) (6)
Once the hourly maximum radiative cooling power of an ideal surface was known, it was
calculated the annual average power potential on each point of the sample® (eq. 7).

(7)

xiq t,bb+
Qrc,annual = % (W/mz)

Every observation corresponded to a one-hour observation (t = 1 h). The energy potential

produced in a year was calculated according to eq. 8.

_ Z?(Qnet,bb-l- ' t) kWh (8)
erc,annual - 1000 mz “year

5> Depending on the simulation, only nocturnal values were filtered; this is where the main differences
between the three papers happen. In paper P3, data was filtered and two new datasets were created: one for
nocturnal data and one for diurnal. In paper P4 the filtering was done only for those observations where
radiative cooling was achieved. In paper P4 two new datasets were also created: one corresponding to
nocturnal values and a second one corresponding to all-day radiative cooling values. This is further
explained in the methodology section of each paper.
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2.3  Training set and test set

The dataset was randomly divided into two new datasets: a training set and a test set. The
training set was used to generate the interpolation model and contained 80% of the sample
data. The remaining 20% of the data corresponded to the test set, which was used to
evaluate the performance of the interpolation model. Fig 12 shows the spatial distribution

of the sample points in each dataset.

Fig 12. Spatial distribution of the sample points in the training set (left) and the test set
(right).

2.4 Kriging interpolation and maps generation

In the three papers ordinary Kriging was applied. Ordinary Kriging is the general version
of Kriging. This method is a non-linear estimator which decomposes the regressor into a
stationary (u) and a residual part (¢”), corresponding to the spatially correlated part (eq.
9). Ordinary Kriging assumes that the value of the variable can be predicted as a linear

regression of N random variables applied to spatial data in a sample (eqg. 10).

Z(s)=u+ ¢ )

The models trained by Kriging used the distance to the known points, Z(s;), as a regressor
to predict a dependent variable at a given location, Z(s,). The dependent variable was the

radiative cooling power and energy potential, respectively.

The weight that the model gives to each of the points were determined according to the
function of the variogram (eq. 11); where 4; is the vector of the Kriging weights, N is the

number of sample points and y is the semivariance of the sample.
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N (10)
2(so) = Z NZ(sy)
y(s1—s1) . y(s1—sp) 1 y(s1 — So) (11)
: : 1 _ :
Y(p=51) o Y(n—s0) 1] 7 | v(sn—s0)
1 ... 1 0 1

The experimental semivariance of the sample was calculated for each pair of points
according to eq. 12, where Z(s;) is the value of the target variable at the point s;,
Z(s; + h) is the value of the neighbor point at a distance s; + h and E corresponds to the

expected value.
y(0) = 5 E[(2(s) — Z(s, + W)’ (12)

From eq. 12 it was obtained the experimental variogram®. An important step in the
creation of the model was to fit a theoretical variogram, as they presented a known
distribution, to the experimental variogram so that the error of the fitting was minimum
(Fig 13). The best variogram was chosen between seven theoretical variograms
(Spherical, Circular, Gaussian, Exponential, Pentaspherical, Matern and Stein); the

variograms were defined by three parameters: the nugget, the sill and the range.

The training set data was used to generate the interpolation models. The model was then
applied to a grid of points, identified by a longitude and a latitude, corresponding to
European geographic points. The values obtained were used to generated the contiguous

maps. The spatial resolution of the pixels of the maps was 6 x 8 km.

& A variogram is a representation of the spatial behavior of the studied variable. The variogram shows the
influence of the distance between points to the variance of the studied variable: the closer the points are,
the bigger the influence is and the lower is the variance between points.

24



CHAPTER 111

b X Methodology and PhD thesis structure

U

Universitat de Lleida

600

400

Semivariance {y)

200

T
500 1000 1500
Distance (km)

Fig 13. Example of one variogram obtained during the interpolations. The points
represent the experimental variogram and the line is the theoretical variogram that

minimizes the fitting error.

2.5 Model validation

To evaluate the performance of the Kriging, the interpolation model was applied to the
sample points in the test set. This allowed compare the predicted value by the model with

the observed value in the weather station (calculated in 2.2).

The performance was quantitatively assessed with the coefficient of determination (R?)
and the root mean square error (RMSE) (eq. 13 and eq. 14).
2
§V=1(XL',m - Xi,p) (13)
2
?:1(Xi,m - Xavg,m)

1oV 2
RMSE='J—§S (Xim — Xip)
N £y

R*=1-

(14)

25



CHAPTER 111

b X Methodology and PhD thesis structure

U

Universitat de Lleida

Where N is the total number of locations; X; ,,, is the observed value of the sample; X;,,
is the value estimated in the model and X, . is the average of the observed values at

the weather stations. RMSE has the same units as the variable at interpolation while R? is

dimensionless.

3. Structure of the document

The thesis is structured as follows in Fig 14. The chapters of the thesis are organized as

follows:

= Chapter I: the first part of the thesis introduces the topic of radiative cooling. It is
developed the theoretical background and the state-of-the-art through a review of
the literature. It presents the research lines in the field of radiative cooling and the
limitations of the technology.

= Chapter Il: presents the hypothesis and objectives defined for this PhD thesis

= Chapter IlI: presents the methodology followed to answer the hypothesis of the
thesis and sets out the structure followed in the present PhD thesis.

= Chapter IV: presents research paper P1. This paper introduces the reader to the
phenomenon of radiative cooling and the possibility of combining systems based
on this phenomenon with solar heating systems. A literature review of adaptive
covers for combined radiative cooling and solar heating is presented and the main
materials used in both applications are discussed. This chapter focuses on the H1
hypothesis and aims to answer the objectives O1 and O2.

= Chapter V: includes research paper P2. Chapter V proposes two ways to combine
an RCE system with a water-to-water heat pump. The improvement of the
performance is analysed. This chapter focuses on the hypothesis H2, and partially
H3, and aims to answer the O3 objective.

= Chapter VI: in this chapter, paper P3 is included. This paper presents source maps
for combined radiative cooling and solar heating in Europe and identifies the most
suitable regions to apply RCE technology. This chapter focuses on the hypothesis
H3 and H4 and aims to answer the O4 objective.

= Chapter VII: this chapter introduces research paper P4. Chapter VII presents a

parametric study of the potential of radiative cooling in Europe, depending on the
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reflectivity of the system to the solar range. The differences between all-day
Radiative Cooling and night-time Radiative Cooling potential are presented. This
chapter focuses on hypotheses H3 and H4 and aims to answer the objective O4
and O6.

= Chapter VIII: includes research paper P5. This article analyses the potential for
radiative cooling in each season of the year and evaluates the evolution of the
potential over the years in the context of climate change. This chapter focuses on
hypotheses H3 and H4 and aims to answer the objective O4 and O5.

= Chapter IX: presents the conclusions obtained in this thesis and proposes future
work on this topic.

= Chapter X: lists other contributions of the author during the PhD thesis.
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Part 1. Introduction to the thesis

Chapter I. Introduction

Chapter Il. Objectives and Hypothesis

Chapter lll. Methodology and PhD thesis structure

Part 2. Convective cover

Chapter IV. Adaptive covers for combined radiative cooling

ID
and solar heating. A review of existing technology and i’ier
materials
Part 3. Integration of RCE
Chapter V. Numerical Analysis of the Combination of Radiative
Collectors and Emitters to Improve the Performance of Water- Pt;’zer
Water Compression Heat Pumps under Different Climates
Part 4. Potential of implementation
Chapter VI. Potential Maps for Combined Nocturnal Radiative Paper
Cooling and Diurnal Solar Heating Applications in Europe E:
Chapter V1. Mapping Nighttime and All-Day Radiative Cooling Faper
Potential in Europe and the Influence of Solar Reflectivity =
Chapter VIII. Climate Change Influences in the Determination .
aper
of the Maximum Power Potential of Radiative Cooling. Pi

Evolution and Seasonal Study in Europe

Part 5. Conclusions

Chapter IX. Conclusions and future research

Chapter X. Other Contributions

Fig 14. Structure of the thesis.
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Chapter IV. P1: Adaptive covers for combined radiative
cooling and solar heating. A review of existing technology and

materials

1. Introduction

The combination of radiative cooling effect with solar heating in a single device has been
proposed, in the last years, by diverse authors. This device, referred here as RCE, can

provide both cooling and heating for space conditioning purposes.

One of the lines of research in the field of radiative cooling with the fastest growing of
publications is the development of materials for radiative cooling. Authors such as Vall
and Castell [14], Ko et al. [24] or Granqvist et al. [75] reviewed the existent literature
referred to materials for emitting/absorbing surfaces to achieve sub-ambient temperatures

with radiative cooling.

In combined applications of RCE two main issues must be taken into account. Firstly,
radiative cooling power rates are low (on average, values between 20 and 80 W/m? with
peaks at 120 W/m? could be achieved [34]) and, for sub-ambient temperature
applications, convective heat exchanges worsen the performance of the emitter. Etzion
and Erell [76] were the first to point out that the effect of ambient air was a limitation to
maximize radiative cooling power; a convective cover which separates the emitting
surface and the ambient air reduces the convective heat exchanges. Secondly, nocturnal
radiative cooling and diurnal solar heating absorb/emit different wavelengths. One of the
proposed solutions is the use of an adaptive cover which enables to change the optical
properties of the device. An ideal cover should present a perfect transmittance in the solar
spectrum and block all the infrared radiation during the day, while, during the night, it
should have a perfect transmittance in the mid-infrared range. An adaptive cover
addresses the two mentioned issues at the same time: it reduces the parasitic losses while

it adapts the optical properties of the device according to the functionality.
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In previous studies performed in the research group [29], [77], [78], polyethylene was
used as convective cover in experiments but it presented structural degradation over the

days.

In order to identify a proper solution to use in experimental studies of combined
applications, it was necessary to identify materials, or combination of materials, which
exhibited the described properties. Because of this, the authors performed a review and
compilation of the available research done in the development of materials for convective

covers in radiative cooling and solar heating applications.
2. Contribution to the state of the art

Research on materials for radiative cooling surface is one of the hot topics in this field of
study. In many of the published papers convective covers are used in radiative cooling
and RCE applications. However, after reviewing the state of the art it was concluded that,
when convective covers are used, they are just presented as a complement to reduce the
heat losses but their effects are not studied systematically. Moreover, the results are
dispersed among all the literature. This paper contributes to order and summarise the

progresses done in this line, presenting a classification of them.

This first part of the paper discusses the importance of convective covers and presents
empirical correlations for convection coefficients in radiators and collectors. It also
presents different approach designs of adaptive covers for combined solar heating and

radiative cooling.

The core of the chapter is the review and classification on the main materials used in solar
collector and radiative cooling. The first part of the core discusses polymeric covers. This
type of covers is widely used in RC as it presents high transmittance in the atmospheric
window — and high transmittance in the solar range —, but the structural degradation of
the materials is still a problem. In the second part, pigmented and deposited films are
covered; these materials block a big portion of the solar radiation and are not suitable in
RCE applications. In the third part, we review non-polymeric covers made of cadmium
or zinc-based crystals. Zinc-based crystals show high transmittance in the atmospheric

window and medium transmittance in the solar range and have good structural

30



CHAPTER IV

- Adaptive covers for combined radiative cooling and solar heating. A review of existing

*
\U/!
Universitat de Lleida

technology and materials

performance — but they are expensive —, while cadmium covers block most of the solar
radiation. The optical transmittance of these materials is summarized in Fig 15. Finally,
we extended the review to smart chromic materials which, despite they have not been
studied in RC or RCE applications, they show properties that could make them suitable;

however, more research has to be done.

At the moment of publishing the paper, there was not a systematic review of convective
covers for combined radiative cooling and solar heating. In parallel, Zhang et al. [79] and
later Farooq et al. [25] published a review of materials for convective covers in radiative
cooling applications. In both papers, the study of the combination of solar heating and

radiative cooling, and the proposal of smart materials for covers was overlooked.

As a conclusion for this chapter, authors proposed to characterize the optical properties of
smart chromic materials in both ranges of interest (solar range and atmospheric window), as
the following step to improve the performance of combined solar heating and radiative

cooling applications.

PE Aerogel

— Carbonblack =
= Cds, 4 I Polymeric covers

[7] Pigmented Covers

M Deposited films

M Non polymeric covers

® Pbs

PE/S days degradation ®
oTe /2 deysdeg @ Teflon
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TiO, gﬂe @ PE/30 days degradation e
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Fig 15. Comparison of experimental transmittances in the atmospheric window of different
materials grouped in: polymeric, deposited films, pigmented covers and non-polymeric materials.

3. Contribution to the objective of the PhD

This chapter starts from hypothesis H1 and contributes to answer objectives O1 and O2,

confirming the benefits of using a convective cover in both RC and RCE applications.
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From this literature review, the authors detected low-density and high-density polyethylene,
polypropylene, Teflon, and zinc-based crystals as good candidates to use in RCE applications
in combinations with glass covers.

The paper summarises in tables the optical properties of different materials, making it easier
the election of materials. This study has been used as a starting point for other investigations,

in the context of a national research project, in the SEMB research team.
4. Contribution of the candidate

During the research exposed in this chapter, the candidate reviewed more than two
hundred papers existing in the literature and proposed the structure and the different
classifications exposed in the paper. The conclusions of the research were leaded by the

candidate. Finally, the candidate was in charge of writing the final version of the paper.
5. Journal Paper

This chapter was published in Solar Energy Materials and Solar Cells 230 (2021)
111275, https://doi.org/10.1016/j.solmat.2021.111275.
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1. Introduction

Energy transformation is indispensable for the functioning of today’s
societies; almost everything we do is possible due to the human capacity
to extract energy from other sources to take advantage of it in our favor.
Social and economic transformations resulting from Industrial Revolu-
tions were a consequence of the replacement of energy sources available
at the time by coal and later by oil, natural gas and electricity. Demand
for the current model of energy consumption continues growing year
after year — driven by population and industrial growth, as well as a
rising in the living standards — while fossil resources still account for the
70% of the total of that growth [1].

One of the problems arising from the current energy model is the
high volumes of greenhouse gases emitted into the atmosphere. The
contribution of these gases to climate change as a result of human ac-
tivity has reached a consensus among the scientific community [2] and
global environmental awareness is currently increasing in society.

This challenge is being considered in recent public policies. In the
case of the European Union it is determined to become an economy
based on a low energy consumption, stable and secure, competitive,
locally produced and sustainable. This is expressed in Directive 2009/
28/CE on the promotion of energy from renewable resources [3],
Directive 2018/844 [4] —amending Directive 2010/31/UE, concerning

* Corresponding author.

energy efficiency of buildings, and Directive 2012/27/EU on energy
efficiency—, and recommendations 2019/786 on the renovation of
buildings [5]. Moreover, Project Europe 2030 [6], which replaces the
Europe 2020 Project, sets out three key goals by 2030: (a) a reduction of
at least 40% of greenhouse gas emissions with respect to 1990 values,
(b) a share of at least 32% in renewable energy and (c) an improvement
of at least 32.5% in energy efficiency.

The above mentioned relates to the high potential for reduction in
energy consumption in buildings. In the EU, energy consumption in
buildings is estimated to account for 40% of the total energy con-
sumption, while accounting for 36% of CO emissions [7]. The demand
in residential sector is mostly covered by natural gas (36%) and elec-
tricity (24.1%), while renewables only account for 17.5%. Specifically,
64.1% of the total consumption in buildings is dedicated to space
heating, 14.8% to Domestic Hot Water (DHW), and 0.3% to space
cooling; accounting for almost 80% of the energy consumed [8]. As for
space heating, the energy sources are quite diverse: natural gas domi-
nates, but renewable sources already account for more than 20% and in
a smaller proportion in DHW. According to data from Eurostat, space
cooling is still entirely achieved by electricity consumption [8].

Currently, solar heating is a renewable technology which already has
commercial applications in the field of energy production of heat and/or
DHW. Cold generation is relegated to the use of nonrenewable air con-
ditioning units which operate through compression or absorption
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Nomenclature

A Radiator/Absorber surface (m?)

Ey(T) Power absorbed/emitted by a blackbody surface at
temperature T (W)

E(T) Power absorbed/emitted by a surface at temperature T (W)

h. Film coefficient (W/m2K)

kair Thermal conductivity of air (W/m-K)

ks Thermal conductivity of the surface (W/m-K)

L Characteristic length (m)

p Perimeter of the surface (m)

Pr Prandtl Number (—)

Qq Absorbed infrared radiation from atmosphere (W)

Qcond Conduction heat power (W)

Qcony Convective heat power (W)

Qnet Net balance radiation power (W)

Qs Infrared radiation power emitted by a radiative surface
W)

Qsun Incident solar radiation power (W)

Re Reynolds Number (—)

Tq Ambient temperature (K)

Ty Surface temperature (K)

vT Temperature gradient (K)

c Stefan-Boltzmann’s constant: 5.6704-10~8 (W/m?.K*

€ Emissivity (—)

& Surface emissivity (—)

Esky Effective sky emissivity (—)

T Transmittance (—)

Transmittance in the atmospheric window’s range (—)
Transmittance in the solar range (—)

Reflectivity (—)

Reflectivity in the atmospheric window’s range (—)
Reflectivity in the solar range (—)

Absorptivity (—)

Absorptivity in the atmospheric window’s range (—)
Absorptivity in the solar range (—)

Tatm
Tsol
P
Patm
Psol
a
Xatm

Xsol

processes. Literature points out that radiative cooling can become a
feasible possibility for renewable cooling production for space condi-
tioning purposes [9,10].

Radiative cooling is a process by which a surface reduces its tem-
perature by emitting thermal radiation towards the outer space taking
advantage of the infrared atmospheric window transparency in the
8-14 pum range. Initially radiative cooling occurred at night only, as the
energy balance during the day results in energy gains by solar radiation;
however, with the development of new photonic materials and meta-
materials, daytime surface cooling has been achieved [11-13]. Under
clear sky conditions radiative cooling is maximized [14]. Ambient
conditions and optical properties of materials play a role on the total
performance of radiative cooler devices; currently they present low
cooling rates (between 20 and 80 W/m? on average with peaks at 120
W/m?) [15]. Total cooling rates are influenced by conduction and
convection heat gains. In order to achieve higher cooling rates, various
authors have proposed the use of convective barriers which separate the
emitting surface from the environment, cutting down convective heat
exchanges [16] and enabling surface cooling below ambient tempera-
ture [17,18].

The operation of radiative cooling is totally opposite to that of solar
heating, since it occurs at different times of the day and in a different
wavelengths range. Nevertheless, both functions are analogous so that
combination of both functionalities has been proposed by various au-
thors [15,19,20,21], thus enabling the production of both energy de-
mands (heat and cold)- in a single device. As stated by Vall et al. [15],
the use of both technologies may substantially reduce the
non-renewable primary energy consumption for space conditioning and
domestic hot water and it will make the investment more cost-effective.
The payback of this technology could be of a period of 8 years [22].

Vall et al. simulated a mixed solar collector/radiative cooling system
in order to evaluate the potential coverage of the demand in different
building typologies and climates. The results showed that in five of the
studied cities (representing five different climates in the world) it could
achieve a minimum coverage of 25% of cooling and 75% of DHW in
residential and hotel building typologies. In literature there is not a
consensus name for this combined system: The authors named this de-
vice Radiative Collector and Emitter (RCE). For the sake of simplicity, this
paper also refers to it as RCE.

RCE works in two differenced modes in different wavelengths
ranges: nighttime radiative cooler emits in the 3-25 pm range (long
wave) while daytime collector absorbs solar radiation in the 0.2-3 pm
range and blocks long waves. This will be further discussed in section 2;

34

however, the key is to know that RCE must have different optical
properties which depend on the working mode.

To achieve this dual function two strategies have been identified: (1)
to place an adaptive cover with selective transmittances on top of a black
surface. The black surface absorbs/emits all the radiation while the
cover filters the desired wavelengths. Covers, at the same time, can
diminish the effects of convective exchanges, named convective covers.
There are two typologies of adaptive covers: an exchangeable cover [23]
which uses different materials depending on each working mode, or a
smart material cover which is able to switch its optical properties
depending on the working mode. Alternatively, (2) a second strategy is
to use a selective surface, which controls the emissive/absorbance
properties of the surface in different wavelengths ranges. As it has been
previously stated, metamaterials with selective emissivity/absorptivity
have already been proposed for all day radiative cooling applications
[11-13]. However, up until this point, more complex metamaterials for
combined radiative cooling and solar heating applications have not been
investigated. These selective surfaces could also make use of a cover to
diminish the effects of convection.

This paper puts the focus on the first mentioned strategy. Different
reviews have been published on radiative cooling technology, including
those by Lu et al. [24], Vall et al. [25], Nwaji et al. [26] and Zhao et al.
[27]. Other reviews have focused specifically on materials for radiative
cooling purposes, such as Granqvist and Niklasson [28], Ko [12] or
Santamouris and Feng [9], placing its focus on emitter surfaces. How-
ever, to our knowledge, no revision of materials used in convective
suppression applied to radiative cooling and solar heating has been
presented. In this paper we review the different approaches presented in
literature for RCE covers which allow the combination of both radiative
collectors and emitters, while reducing the negative convection gains.

2. Background
2.1. Solar and infrared range

All the bodies being at a temperature above absolute zero are
continuously radiating thermal energy. The energy emitted per unit
surface area is according to Boltzmann’s law (eq (1)). The amount of
energy emitted from a surface, at a given wavelength, will depend on the
material and conditions of the surface as well as the temperature of the
surface. For a blackbody surface, the energy absorbed and emitted is
maximum (Eq. (2)).
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The Sun, being at near 5800 K, is considered to be a black body
emitting shortwave radiation between the ultraviolet and the near-
infrared band with its peaks falling in the visible range; collectors
absorb energy within these wavelengths. Then again, cold bodies at
ambient temperature (~300K) emit longwave radiation in the infrared
band towards the outer space, which is at 3K [29]. Due to this large
difference in temperatures, space becomes an energy sink. This process
is possible due to the high transparency of the atmosphere at 0.3-3,
3.2-4.8, 8-14 and 16-23 pm wavelengths (Fig. 1). These transparent
ranges are known as atmospheric windows. In the 8-14 pm range of
wavelengths, atmospheric window matches a high portion of the
infrared energy radiated by the bodies, enabling a temperature
reduction.

It is noted that each mode of the RCE operates in different wave-
lengths ranges. For an RCE cover, during heating mode, it is desired to
allow all the solar radiation to pass through the cover while blocking the
infrared radiation. During cooling mode, it is desired to allow all the
8-14 pm radiation emitted by the surface to pass through the cover.
Table 1 summarizes the optical properties of and ideal cover of an RCE.

2.2. Nonradiative heat gains

When a surface is not in an isolated environment, it is exposed to the
following energy exchanges (Fig. 2):

1. Incoming short wavelength (0.3-2.5 pm) solar radiation which is
absorbed by the surface. This energy flux is only present during
daytime.

. Infrared radiation emitted by the atmosphere and absorbed by the
surface.

. Infrared radiation emitted by the surface to the atmosphere.

. Thermal gains/losses by exchange with the surrounding air or
adjacent solids in the form of convection or conduction, respectively.

The total energy exchanged in the form of heat can be expressed
according to Eq. (3). Due to the small value of o, at low temperatures the
effect of radiation is negligible compared to the conduction and con-
vection effects. When temperature increases, due to the effect of T the
contribution of radiation is dominant. RCE systems at near ambient
temperatures fall in a range where the three effects have to be
considered.

When the surface temperature (Ts) is different from the ambient
temperature (T,), nonradiative exchanges with the environment (con-
duction and convection) exist. During nighttime radiative cooling ap-
plications, if the cooler is designed to work at T > T,, it would benefit
from convective and conductive heat exchanges [31] while for Ts < T,
nonradiative exchanges would reduce the total performance of the RCE

[32]. In contrast, during daytime solar heating applications,
2| Downgoing Solar Radiation Upgoing Thermal Radiation
K] 70-75% Transmitted 15-30% Transmitted
T
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Fig. 1. Solar radiation (red) and radiation through the atmospheric window
(blue). Modified from Ref. [30]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Ideal optical properties of a RCE cover.

Solar Spectrum Atmospheric Window

Transmittance Emittance Transmittance Emittance

100%

0%

0%
100%

0%
0%

Heating mode
Cooling mode

nonradiative heat exchanges would enhance the overall performance of
the RCE when T, < T, while it would be reduced when T > T, the most
usual situation. For an RCE with overambient daytime temperatures and
subambient nighttime temperatures, energy will be maximum when the
convection and conduction gains are minimal (Eq. (4)).

Oner = O5(Ty) = Qu(Ta) + Qsun(Toun) — Qeond — Qo 3)

Qnel =A-o- SS(T? - e:kyTj) + Q.ﬂm(Tsun) (4)

Conduction heat gains are the consequence of thermal energy
exchanging processes between bodies in contact at different tempera-
tures (Eq. (5)). In the case of a radiative cooler, heat gains will appear on
the emitter/absorber’s walls and can be minimized with thermal
insulation.

Qcom{ = - k.x -A-VT (5)

Convection is a thermal energy transfer between areas of the same
fluid at different temperatures through the movement of the molecules
inside these areas. In the case of the radiative cooler, this movement
occurs between the air particles in contact with the surface at a lower
temperature and the air particles at room temperature. The convective
heat gains can be expressed with Eq. (6).

anv = h(‘ : A(Tx - Ta) (6)

The convection heat transfer coefficient on a flat plate can be
expressed based on the Nusselt number (Eq. (7)) which takes into ac-
count both free and forced convection effects. Different authors have
fitted empirical correlations to convection heat transfer coefficient as a
function of wind speed, increasing as the velocity increases [33]. Table 2
shows the approximations used by authors in different contexts.

7Nu'kair
L
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Zhao et al. [18] experimentally studied the effects of wind speed on
radiative surface performance. The results showed that the difference in
temperatures between the circulating water and the environment
decreased from 7 °C to 4.3 °C (Fig. 3) due to a change of wind speed
when the convective cover was removed.

3. Exchangeable adaptive cover

An exchangeable adaptive cover concept can be viewed as a com-
bination of two different covers that can be swapped, one for solar
heating mode and the other for radiative cooling mode, providing low
spectral transmittance in the infrared band and high spectral trans-
mittance in the solar range during the daytime solar collection mode,
and high spectral transmittance in the 8-14 ym wavelength range during
nighttime radiative cooling mode.

Commercial flat plate solar collectors are provided with low emis-
sivity glass covers with the aim of letting solar radiation pass through,
while preventing heat loss to the environment. Moreover, thanks to the
very low transmittance on the whole infrared (IR) spectrum of this glass,
it blocks thermal radiation to escape from the surface while acting as a
convective suppressor for the collector, enhancing the total perfor-
mance. Glass by itself is not a good candidate for RCE applications, as it
would prevent radiative cooling at night. Alternatively, polyethylene
film has high transmittance both in the infrared and the solar spectrum
(Table 3), allowing radiative cooling during night. Glass can be placed
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Fig. 2. Thermal exchanges between the radiative surface and its surroundings.

on top of polyethylene during daytime to improve the RCE performance
and be removed during nighttime. Vall et al. [15] proposed to slide the
glass on top of polyethylene films (Fig. 4), enabling the automation of
the process. Liu et al. [22] alternatively designed a combined device
made of 10 pm polyethylene film, a porous cooling material with near
unity infrared emissivity in the 8-13 pm range, aluminum conductor
substrate, providing heat conductivity, and a solar absorbing material
(Fig. 5) coated with chromium plating (solar absorptivity of 95%).
Radiative cooling was achieved on one layer of the device while solar
collection was done on the other layer of the device; the switching be-
tween modes was achieved with a rotating shaft.

In solar collection applications glass is widely used [42,43] and has
become the standard material. In contrast, there is not yet a standard
material in radiative cooling applications and it is still a subject of study.

3.1. Convective covers based on polymers

The main feature for convective covers, also named windscreens, in
radiative cooling applications is its high transmittance in the far-infrared
(FIR) spectrum. Due to this characteristic, windscreens are placed on top
of emitters, separating the radiator from the environment conditions. In
1975, Johnsons [16] investigated the use of a 0.0005 in (0.0127 mm)
cover of fluorinated ethylene propylene (FEP or Teflon) film. Film was
protected against water attack and structurally reinforced with
aluminum ribs. The author measured a transparency of 70%, but he
stated that the film was too thin to withstand environmental conditions.
Orel et al. [44] used a polyester foil with a thickness of 50 pm. Authors
only affirmed that it was transparently enough for infrared radiation to
cover an aluminum radiator.

Despite the two materials described above, the material most
commonly used as a windscreen has been polyethylene due to its high
transmittance in the atmospheric window (Fig. 6). To reduce conductive
and convective heat exchanges, Bartoli et al. [45] built in 1977 an
insulating styrophoam box covering the radiator with a polyethylene
sheet of 50 pm thickness on top; although it was presented to have
almost ideal transparency, it had quite low mechanical properties and,
under high humidity conditions, it showed moisture condensation,
decreasing the optical properties.

Tsilingris [46] studied the infrared transmittances of various poly-
mers for their utilization as a suppressor for the convective losses/gains
in solar collector/emitting surfaces. Of the ten samples analyzed —
plexiglass, fiberglass, polycarbonate, polyethylene, polypropylene, ted-
lar, mylar, kapton and vinyl - Tsilingris sentenced that polyethylene and
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polypropylene had the highest transmission, making them suitable for
radiative cooling applications; while fiberglass, kapton and mylar
showed the lowest coefficients, being suitable for solar collector
applications.

Leroy et al. [47] used a polyethylene aerogel as a cover: it showed
low thermal conductivity, high transmittance in the atmospheric win-
dow (0.799) and high reflectance of solar radiation (0.922). This offers
the possibility to achieve daytime radiative cooling. Raman et al. [17]
covered a photonic solar reflector and thermal emitter with a 12.5 pm
thick LDPE to obtain daytime radiative cooling. The system, which had a
97% reflectance in the solar band and high emittance in the longwave
range, was able to cool to 4.9 °C below ambient. In the last decade,
various authors have used polyethylene foils —~both high density poly-
ethylene (HDPE) and low density polyethylene (LDPE)- as convective
windscreen materials combined with new structures such as crystals,
metamaterials and photonic crystal, which serve as emitting surface, to
achieve daytime radiative cooling. Xu et al. covered with polyethylene a
new crystal with 87% emittance in the atmospheric window and 88%
solar reflective [48]. Zhao et al. combined a polymer metamaterial film
with a PE cover achieving a difference of 10 °C between circulating
water and ambient temperature under solar radiation [18]. Anodic
aluminum oxide covered with PE presented cooling power of 64 W/m?>
and cooling temperatures of 2.6 °C below ambient [49].

Because of the optical properties and also the low cost and avail-
ability of polyethylene, it has been tested in mixed heating and cooling
applications. In 1987, Matsuta et al. [19] used a selective solar hea-
ting/radiative cooling surface covered with a polyethylene film to pre-
vent convective exchanges achieving maximum values of 610 W/m? in
collection mode and 51 W/m? in radiative mode. Long et al. [21]
developed a composite surface made of silica micro-grating and p-doped
Si, covered with polyethylene, to enable both solar collection and
radiative cooling. Hu et al. developed a selective surface highly emit-
ting/absorbing in both the solar range and atmospheric window band
covered with a PE convective cover; the system had a cooling power of
50.3 W/m?, under clear night conditions, and a solar collector efficiency
of 62.7% [20,50]. A combined radiative cooling/solar heating system
based on water circulating under a black surface —protected with LDPE
film- presented a daily thermal efficiency between 26.8 and 40.7% and a
cooling efficiency of 58.3% [51].

Radiative cooling simulations also make use of polyethylene covers
in the models. Mihalakakou et al. [41] modeled, using TRNSYS, the
performance of a radiative cooling system in a building. The system
consisted of a stainless steel radiative cooler covered with a
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Summary of convection coefficient correlations.
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Reference Coefficient correlation Units Characteristic dimensions in the study Observations and Applications
[18] h. =8.3 + 2.5v W/m?K A =0.58m x 0.58 m Radiative cooler without windscreen
0<v<8m/s
[18] h.=25+2v W/m3K A =0.58m x 0.58 m Radiative cooler with windscreen
0<v<8m/s
[34] h.=5.7 + 3.8v W/m?K L=29 Small flat plate solar collectors
[35] h.=2.8 +3v W/m?K A=2mx1m Thermal simulation of solar energy systems
Berdahl and Clark quoted in [36] h.=0.8 W/m?K - Ty < Ta
Free convection (v < 0.076 m/s)
Berdahl and Clark quoted in [36] h.=35 W/m?K - Ts > Ta
Free convection (v < 0.45 m/s)
Berdahl and Clark quoted in [36] he = 04054<Re°‘8Pr°'33-k5/L W/m?K - Turbulent flow
Berdahl and Clark quoted in [36] h.=1.8+ 3.8v W/m?K - Turbulent flow (1,3 < v < 4,5 m/s)
[371 he=5.7 + 3.8v W/m?K L<05m -
Sparrow (1979) quoted in [38] he = 4.6v%° L0 W/m?K L= ﬁ Horizontal flat plate
Lunde (1980) quoted in [38] he = 4.5 + 2.9v W/m2K - ? -
[39] he = 9.4v%° W/m?K - Fitted equation to experimental data
[40] h.=0.6 + 3.5v%° W/m?K - Without windscreen
[40] he = 0.5 + 1.2v*° W/m?K - Single polyethylene layer windscreen
[40] he = 0.3 + 0.8v*° W/m3K - Double windscreen
[41] he =3.1+4.1v W/m?K A=14mx7m Forced convection
0.1 <v<2m/s
[41] h.=5.7 + 3.8v W/m3K A=14mx7m Without windscreen v < 4 m/s
[41] he = 7.3v%8 W/m?K A=14mx7m Without windscreen v > 4 m/s
[41] he = 0.5 + 1.2v*° W/m’K A=14mx7m Single polyethylene layer windscreen

polyethylene film of 60-100 pm of thickness. Daily energies varied be-
tween 29.7 and 55.8 W h/m? under clear sky and between 26.7 and 44.9
W h/m? for a cloudy day.

In 1998, Al-Nimr et al. [52] developed a mathematical model which
described the dynamic thermal behavior of a radiative cooling system
consisting of a black surface and a polyethylene thin film of 40 ym on
top. This model assumed that the polyethylene cover had perfect radi-
ative properties. The analytical solution showed lower outlet tempera-
ture predictions compared to experimental results.

Due to the transparency of polyethylene in the solar range, it has not
only been used in radiative cooling and RCE applications but also in
photovoltaic/radiative cooling mixed systems (PV/RC) for the com-
bined generation of electricity during daytime and cold during night.
Zhao et al. were able to achieve 12.7 °C reduction below ambient
nighttime temperature with an average electrical conversion efficiency
of 12.4% [53]. The PV/RC performance is strongly dependent on climate
areas and seasons [54-56].

3.1.1. Pigmented covers

Andretta et al. [65] in 1981 made a lowcost cover blending in two
layers of polyethylene with commercial standard pigments, such as TiO2
and carbon black, with the aim of reflexing part of the solar radiation
while absorbing the rest through the carbon black. The authors achieved
subambient temperatures under these films even during daytime. Single
layers of polyethylene pigmented with TiO, were also studied by
Niklasson and Erikson [66]. Authors concluded that these covers were
able to achieve radiative cooling for more than 19 h of the day. Using hot
pressing technique with small particles of TiO; (diameter of 60 nm) into
two polyethylene foils Mastai et al. [67] could obtain transmittance in
the atmospheric window regions of 0.54-0.765 and high solar re-
flectances (Table 4).

Zinc based pigments blended into two polyethylene foils have also
been used as convective covers. The performance of polyethylene with
different pigments, including ZnS, ZnSe, ZrO, and ZnO where studied by
Nilsson et al. [68]. Results showed that ZnS is the best pigment among
the others to be used in selective covers [68-71].

3.1.2. PbS, PbSe and Te deposited films
PbS, PbSe and Te deposited on polyethylene films can also act as
shields. Dobson et al. [71] compared different films produced by

chemical solution deposition (CSD) techniques: in particular they pro-
duced PbSe and PbS films on polyethylene films and on ZnS and ZnO
pigmented polyethylene films. The films showed a variety of optical
properties based on the deposition parameters: in the case of the PbS, the
films deposited from potassium nitrilotriacetate (NTA) showed high
transmittance in the atmospheric window (Table 5) while with triso-
dium citrate (TSC) depositions the transmittance was slightly lower. In
the case of the PbSe, transmittance in the atmospheric range was lower,
as well as the reflectance in the solar spectrum due to the NTA baths. PbS
films presented high absorption in the solar range. Authors also studied
the behavior of PbS semiconductor laminates deposited on pigmented
polyethylene with ZnS and ZnO. Transmittance values in the solar range
were very low (0.04 and 0.03), while absorption values in this range
were higher than 0.62. Engelhard et al. [72] developed an easy method
to deposit Te films on a polyethylene substrate —pretreated with KMnO4—
using the room temperature decomposition of electrochemically
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Fig. 3. Experimental temperatures obtained from a radiative cooling test,
showing the effect of wind. During the colored grey period PE windscreen was
not used on top of the emitting surface [18].
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Table 3
Summary of transmittances of polymeric covers.

Cover material Reference Thickness Tatm Tsol Application Comment

Teflon [16] 127 pm ~0.7 - RC -

LDPE [171 12.5 pm - — Daytime RC -

LDPE [20,50,55] 20 pm 0.83" 0.85! SH/RC -

LDPE [54] 6 pm 0.87* 0.89" PV/SH/RC -

LDPE [46,62] 6 pm 0.87 0.89 SH/RC -

LDPE [53] - High High RC/PV -

LDPE [57] 20 pm - - Daytime RC -

LDPE [58] - - - Daytime RC -

PE [19] 30 um 0.86" 0.85! SH/RC -

PE [46] 130 pm 0.79! - - -

PE [461 50 pm 0.88! 0.87 SH/RC -

PE [48] — - — Daytime RC -

PE [49] 50 pm - - Daytime RC -

PE [52] 40 pm High - RC -

PE [59] 50 pm 0.72 - RC New film
0.69 5 days exposition
0.57 30 days exposition
0.42 100 days exposition

PE [60] 50 pm 0.74! - RC -

PE [61] 1 pm 0.92 - SH/RC -

PE [62] @150 pm 0.872 - RC Fibermesh cover

PE [63] 30 pm 0.85 - RC -

PE [64] - 0.92 <0.45 Daytime RC -

PE aerogel [47] 6 mm 0.80 0.11 Daytime RC -

Polyester [44] 50 pm High - RC -

Polycarbonate [46] 1.22 mm 0.06! - - -

Kapton [46] 130 pm 0.08! - - -

Mylar [46] 130 pm 0.05! - - -

PP [46] 130 pm 0.50" - - -

Plexiglass [46] 1.52 mm 0.01! - - -

Vinyl [46] 125 pm 0.21* - - -

Fiberglass [46] 960 pm 0.04! - - -

@ Value obtained digitalizing transmittance graphs of materials using WebPlotDigitizer tool. Wavelenghts from 0,38 to 2,5.
b Value obtained digitalizing transmittance graphs of materials using WebPlotDigitizer tool.

Fig. 4. Sliding adaptive cover proposed by Vall et al. [15].

generated HoTe. The film had a relatively lower transmittance in the
atmospheric windows compared to polyethylene (0.652 vs. 0.813) but
also a higher decrease in transmittance in the solar range (0.047 vs.
0.891). For this reason, it is suitable to use it as a daytime radiative
cooler shield.

3.1.3. Effect of aging

The continuous exposition to the atmosphere has a deteriorating
effect in the optical properties of the polymers. Ali et al. [59] studied the
degradation on the transparency of films of polyethylene of 50 pm under
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atmospheric conditions in Assiut (Egypt). The transmittance of the film
dropped 41.7%, from 0.72 to 0.42 after 100 days of outdoor exposition;
the radiative cooling performance decreased a 33.3%.

Carrasco et al. [73] analyzed HDPE exposed under artificial UV light
with FTIR technology. Samples were prepared following the
ASTM-D638 standard O type V. Analysis shows that the polymer un-
dergoes chemical and structural changes that modify its mechanical
properties: stiffness of HDPE increased after 120 days of exposition,
Young’s modulus changed from 604 MPa to 855 MPa (Fig. 7), tensile
strength is reduced from 23.1 to 17.1 MPa (Fig. 7), and the strain is
reduced from 231% to 7.4% (Fig. 7).

3.1.4. Effect of thickness

The thickness of the cover material has an effect on its optical
properties. Ali et al. [59,60] studied the transmittances of polyethylene
with different thickness, concluding that a foil of 25 pm of thickness
showed better transparency than a foil of 50 pm. They verified that the
decrease in the thickness of the PE foil, from 50 pm to 25 pm, supposed
and increase of the performance of the radiative cooler by 8.6%.

Nwaji et al. [61] carried out a finite element analysis of the perfor-
mance of a RCE system applied in five Nigerian cities. The authors
modeled a flat titanium absorber coated with PET and covered with a
polyethylene windscreen. Results showed that, during daytime solar
collection, as the number of polyethylene windscreens increased, the
circulating water temperature decreased progressively (Fig. 8).

3.1.5. Mechanical problems

Despite the favorable optical properties of polymeric covers
described above, their weak mechanical properties become an incon-
venient for their application outdoors: the cover has to withstand wind,
tearing, rainwater [62] and snow. Dust and humidity can affect both the
mechanical behavior and the optical properties of the cover [16]. Due to
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Fig. 6. Spectral transmittance of a 30 ym thick foil of HDPE [53].

Fig. 5. Mixed radiative cooler and solar heater proposed by Liu et al. [22]. (a) Radiative cooling mode, (b) Solar heating mode and (c) rotating structure.

its thinness, the wind can cause the fluttering of the foil. Finally, the
covers are exposed to the presence of animals — birds and insects — which
can damage the structure.

A new configuration for the polyethylene shape was studied by
Nilsson et al. [63] in 1985. They used a screen made of three layers of
corrugated polyethylene in a V-shapped arrangement (Fig. 9). When
transmittance and thermal insulation was analyzed, this configuration
presented a better convective performance than a flat cover, with a
transmittance of 0.73. Moreover, this cover had a characteristic thick-
ness of 4.5 cm; although it was not studied, it could add an extra
structural resistance compared to flat covers.

Golaka and Exell [74] simulated a theoretical convective shield, a
grid made of slats, which could deal with the previous described struc-
tural weakness. Authors performed finite elements simulations of the
airflow through diverse obstacles over a radiative cooling surface: on top
of the surface it was placed a grid consisting of metallic perpendicular
strips (Fig. 10). The grid acts as a barrier for the airflow, reducing the
total heat transferred by convective movements. A small windshield
could increase the turbulence over a surface, increasing the convective
heat transfer but a higher windshield avoids these problems. However, a
high shield can interfere with the radiation of the surface. Authors
concluded that it makes sense to use this structure where the winds
produce unfavorable heat fluxes to the surface [74]. As mentioned by
Gentle et al., the previous study overestimated the reduction potential of
the convective heat transfer [62].

Gentle et al. proposed the use of a polymeric mesh made of UV sta-
bilized HDPE fibers of 150 pm diameter (Fig. 11). The mesh had an
effective transparency of 87% while suppressing the convection transfer

Table 4

Summary of optical properties of pigmented covers.
Pigment Reference Thickness Tatm Tsol Patm Psol Oatm Osol
TiOy [65] 100 pm 0.74 0.57 - - - -
TiO, [67] 0.12 pm 0.765 0.61 0.765 0.381 0.063 0.009
TiO, [67] 0.45 pm 0.731 0.412 0.731 0.581 0.115 0.007
TiO, [67] 0.75 pm 0.681 0.273 0.681 0.712 0.157 0.015
TiO, [67] 1.08 pm 0.651 0.22 0.651 0.684 0.196 0.096
TiOy [671 1.82 pm 0.546 0.166 0.546 0.763 0.276 0.071
TiOo [67] submicrometer 0.323 0.391 0.601 0.435 0.076
TiO, [68] 100 pm 0.75 0.09 0,67
Carbonblack [65] 100 pm 0.74 0.24 - - - -
ZnO [68] - 0.68 0.31 0.69
ZnS [68] 400 pm 0.33 0.013 0.09 0.849 0.58 0.138
ZnS [70] 420 pm ~0.6 - - 0.8 - -
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Table 5
Summary of optical properties of deposited films.
Film material Reference Thickness Tatm Tsol patm psol oatm asol
PbSe (HC NTA) [71] 200 pm 0.508 0.09 0.186 0.274 0.306 0.636
PbS (HC NTA) [71]1 200 pm 0.741 0.168 0.154 0.468 0.105 0.364
PbS (HC TSC) [71] 150 pm 0.642 0.138 0.143 0.372 0.215 0.490
ZnS pigment + PbS film [71] - 0.488 0.162 0.331 0.35 0.629 0.629
ZnO pigment + LDPE coated with PbS film [71]1 - 0.406 0.03 0.155 0.286 0.439 0.684
MnO coated PE [72] 50 pm 0.801 0.725 0.17 0.173 0.029 0.102
Te [72] 0.12 pm 0.652 0.047 0.221 0.123 0.137 0.83
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Fig. 8. Effect of number of polyethylene windscreens, under solar collection,
simulated by Nwaji et al. [61].

[62]. Based on the existing use of UV stabilized mesh in the field of
agriculture, authors affirmed that this configuration was expected to
have a lifespan of 5 years.

3.2. Non-polymeric convective covers

3.2.1. Zinc crystals

Zinc compounds have also been investigated in the form of crystals.
Compared to zinc pigments, where zinc compound constituted a small
portion of the whole cover, zinc crystals are big structures constituted
mainly by zinc. With the aim of obtaining a robust cover, Bathgate and
Bosi [75,76] studied the thermal performance of ZnS shield. Authors
compared ZnS cover with a polyethylene cover: ZnS had similar radia-
tive cooling performances to polyethylene. Nevertheless, ZnS crystal

40

Fig. 9. Three layered corrugated foils (v-shapped) of polyethylene with high
infrared transmittance and low nonradiative heat exchange [63].

covers are a durable solution. ZnS is a low toxic material, outdoor
resistant and available in 4 mm thickness — 40 times thicker than PE —
which provided an atmospheric window’s transmittance of 64%.

Chen et al. [77] combined a highly selective emitter with a ZnSe
cover to minimize solar radiation; the passive radiative cooling system
was backed with a shading system which minimizes solar radiation
exposition and a vacuum chamber which minimizes parasitic conductive
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Fig. 10. Wind shield proposed by Golaka and Exell and an enlarged view of a
cell unit [74].

Fig. 11. Segment of the HDPE mesh [59].

and convective loses. The whole system achieved a record decrease of
the surface temperature of 42 °C below ambient coinciding with the
peak of solar irradiance (Fig. 12). Laatioui et al. [78] calculated the
optical properties in the solar and atmospheric windows’ range of the
following shields: ZnS, ZnSe and ZnTe. The shields had a transmittance
between 0.66 and 0.77 in the atmospheric windows and between 0.61
and 0.66 in the solar range. The transmittance was lower in the visible
range (0.22-0.37).

ZnSe and ZnS crystals are materials that have a high price. Reduction
of thickness and purity of the crystal would represent a reduction in cost.
Nevertheless, Yashina et al. [79] described three processes of
manufacturing ZnS polycrystals: chemical vapor deposition (CVD), hot
pressing, and vapor deposition. The first method is based on the reaction
of Zn with HsS, while the other two processes make use of ZnS powder,
which is less expensive than crystal. According to the authors, CVD is the
most appealing process to fabricate ZnS crystals due to its better optical
homogeneity and low impurity content [79,80].

3.2.2. Cadmium films

Benlattar et al. [81] studied the use of CdTe films (9.7 pm) on a 1 mm
silicon substrate. The film had a relatively high reflectivity (0.38) and an
elevated absorption (0.42) in the solar band and was transparent in the
8-13 pm region (0.62). One year later, in 2006, the authors presented a
similar experiment, this time using a CdS sheet (1 mm). The sheet had a
high transmittance in the 8-13 pm range (0.8) and a high absorptivity in
the solar range (0.68) [82]. Table 6 summarizes these properties. Fig. 13
presents a visual comparison of the atmospheric window transmittance
of the previous materials. It can be seen visually that polyethylene
covers, CdS and zinc-based materials presented the highest
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Fig. 12. Large temperature reduction below ambient through radiative cooling
in a 24-h day-night cycle. A maximal cooling of 42.2 °C synchronizes with the
peak of the solar irradiances [77].

transmittance.

4. Smart material adaptive cover

A smart material for RCE windscreen applications would switch its
optical properties depending on the working mode: during daytime it
should present a strong transmittance in the solar band and opacity in
the infrared band; during nighttime it should be highly transparent to
the infrared range. In the following sections several types of chromic
materials (electrochromic, thermochromic, gasochromic and photo-
chromic) are reviewed in order to know their suitability for RCE, as they
can change their optical properties under exposure to external stimuli.
These materials have been used in thermal control but, despite being
widely studied in the glazing and smart window industries [83-85], the
wavelength range of interest of these materials is restricted to solar
range and no insights on the infrared are provided. To our knowledge,
only few researches have studied the infrared range.

4.1. Electrochromic materials

Under the application of low magnitude voltage, electrochromic
materials exhibit tunability of their optical properties [86]. These
properties have been studied since the 1970s [87], mostly in the visible
spectrum [88]. This technology has most of its applications in the field of
smart windows [89], although they are also noteworthy in camouflage
[90,91], automotive and aircraft [87,89], and thermal regulation [83].

Electrochromic materials show a battery-shaped structure (Fig. 13)
consisting of five layers interspersed with transparent conductive ma-
terials, an electrolyte conducting material, an electrochromic sheet and
an electron accumulation layer [92]. The working principle of this
material is the redox reactions that occur when the current flows. The
ions, usually Li* or H', move from the accumulation layer to the elec-
trode, generating new energy bands in which the compound interacts
with the light and, as a consequence, modifies the optical properties of
the material.

Metal oxides such as WO, TiO,, Nby,Os, MoOs, NiO, IrO, and V5,05
[93] have been used as electrochromic materials to control the trans-
mittance and emissivity properties in the visible, especially wolfram
compounds being also able to act on the NIR spectrum [94].

Mandal et al. [95] studied the existing change in the infrared spec-
trum of a lithium-titanium-oxygen material. In the LizTisO12 form it
exhibits low visible and long-infrared absorbance; in the Li;TisO12 form
it has high emission throughout the IR, thus allowing thermal regula-
tion. According to the authors, this material may have application as
radiative surfaces for radiative cooling and solar heating devices. Franke
et al. [96] studied the optical properties of electrochromic surfaces
based on wolfram and achieved a modulation of their emissivity. Xu
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Table 6
Summary of optical properties of non-polymeric covers.
Cover material Reference Thickness Tatm Tsol Patm Psol Oatm Osol
ZnS [75] 4 mm 0.64 - - - - -
ZnS [76] 4 mm 0.64 - - - - -
ZnS [78] 1 mm 0.77 0.66 0.12 0.21 0.11 0.13
ZnSe [76] 7.1 mm 0.7 - - - - -
ZnSe [771 - 0.87 - - - - -
ZnSe [78] 1 mm 0.71 0.65 0.17 0.20 0.12 0.15
ZnTe [78] 1 mm 0.66 0.61 0.21 0.22 0.13 0.17
Tefzel [76] 200 pm 0.1 - - - - -
Silicon [76] 0.6 mm 0.47 - - — — —
CdTe film + Si substrate [81] 9.7 pm + 1 mm 0.58 0.3 0.3 0.38 0.42 0.22
CdTe film + Si substrate [81] 9.7 pm + 1 mm 0.62 0.28 0.01 0.07 0.37 0.71
CdS film [82] 1 mm 0.8 0.3 0.01 0.02 0.19 0.68
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Fig. 13. Comparison of experimental transmittances in the atmospheric window of different materials grouped in: polymeric, deposited films, pigmented covers and

non-polymeric materials.

et al. [97] achieved changes of 0.4 of emissivity in the 8-14 pm range
-atmospheric window-in a device based on H3SO4-doped polyaniline
films, allowing radiative cooling under low voltage.

4.2. Thermochromic materials

Thermochromic materials respond to temperature changes by
modifying their optical properties [93]. Thermochromic materials
maintain a highly emissive or transmitting semiconductor structure in
the infrared; when the transition point (T.) is reached, the material
behaves like a semi metal, with high reflectivity in the infrared band
[98]. These materials find their applications in the fields of energy
saving, thermal control and camouflage [99] and glazing [100].

Vanadium dioxide (VO3) is a phase change material usually studied
in thermochromic applications. At a temperature below 68 °C, vana-
dium dioxide presents high emissivity in the IR, whereas when the
temperature is above the transition point, it is highly reflective to IR
wavelengths. According to Liu et al. [98], a 900 nm VO, thin film
exhibited 0.8-0.9 emittance in the IR below transition conditions
whereas for above conditions the emittance fell between 0.2 and 0.3. In
comparison, thicker films of vanadium dioxide offer better thermo-
chromic properties between modes than thin films.

Doping vanadium dioxide the transition temperature can be
controlled. When doped with wolfram transition temperature can be
reduced to 30 °C [101]. Other authors have doped vanadium dioxide
with terbium cation (Tb3+). Although an improvement in transmittance
was shown, the transition temperature reduction was much lower (from
67.5 °C to 60 °C) [102]. Alternatively, Chen et al. [103] reduced tran-
sition temperature to 35 °C with an undoped VO, multilayered
structure.

Thermochromic material, such as vanadium dioxide, can be used as
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switchers to control the effective emissivity surfaces in order to achieve
a turning “on-off” radiative cooler [104]. Metamaterial configurations of
thermochromic materials enhance radiative cooling properties [105].
Sun et al. [106] demonstrated that, at room temperature, an VO met-
amaterial emitter radiated in 3-5 pm and 8-14 pum range; at high tem-
perature strong radiation was gathered in the 5-8 pm range. Tazawa
et al. [107,108] estimated a maximum cooling power of near 50 W/m?
for a vanadium-doped surface. Ono et al. [109] simulated the perfor-
mance of a VO, metamaterial based radiative cooler which initiated
when ambient temperature was above a transition point; the results
showed a maximum cooling power peak of 120 W/m? (Fig. 14).
Kort-Kamp et al. [110] also simulated the performance of a photonic
VO, radiator; the results showed that a 6 °C reduction from the ambient
could be achieved under ~100 W/m?> cooling rates (see Fig. 15).

Polymer can also exhibit thermochromism [111]. La et al. [112]
studied a polyampolyte hydrogel which showed a high contrast of 80%
in the visible band: from opaque at low temperature to transparent at
high temperature. The transmittance in the mid-infrared and
long-infrared was lower in both cases.

4.3. Gasochromic materials and gas slab

Gasochromic materials exhibit a change in coloration of films based
on wolfram due to the presence of hydrogen [88,113]. These materials
have favorable points over electrochromic and thermochromic material:
gasochromic are cheaper and simpler and allow better modulation of the
transmittance, being able to achieve intermediate transmittances [100].
Gasochromic smart windows’ switching properties can decrease the
annual thermal HVAC consumptions by 25%-35% [85]. Nevertheless,
they may still not have an application in radiative cooling or solar
heating fields, as the infrared range has not been studied.
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Fig. 15. Thermal performance of a VO, metamaterial based radiative cooler
(black curve) over a 24h cycle. Blue curve represents the cooling power of the
radiative cooler [109]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Radiative cooling has been tested with selectively emitting infrared
gases confined in the air gap between the emitting/absorbing surface
and the infrared transparent convective cover [114]. However, little
research has been conducted. Spectrometry techniques found that
ethylene (CoHy), ethyl oxide (CoH40) and ammonia (NH3) [115-117]
are three gases which —in the presence of low humidity- show high
emissivity in the atmospheric window wavelengths (8-14 pm). In an
experiment with ethylene gas, under daytime conditions, authors
measured a drop of 10 °C with respect to the environment [117].

4.4. Photochromic materials

Under exposure to ultraviolet light photochromic materials turn dark
[28]. This photochromic switching is a fast and reversible process [88].
To our knowledge, photochromic materials do not present yet applica-
tions in the radiative cooling field.

Photochromism occurs when a transition in a molecule, such as
azobenzene, spiropyran, furylfulgide, and diarylethene [93], between
two isomers with different optical properties exists [118]. Other metal
oxides -MoQO3, WO3, V505, NbyOs, ZnO, and TiO, [93]- also exhibit
photochromism.

5. Conclusions

In this study the concept of RCE has been presented. Covers, or
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windscreens, with switching optical properties placed on top of
absorber/emitter surface can be used in order to achieve mixed solar
heating and radiative cooling.

This paper has also discussed the influence of convection phenomena
on radiative cooling and solar heating surfaces and the different ap-
proaches used by various authors to calculate this contribution as a
direct function of wind speed. In order to achieve subambient temper-
atures through radiative cooling, the need to reduce these negative gains
through windscreens or convective shields has been emphasized. Then,
adaptive windscreens in RCE devices allow the switching between
working modes and a reduction of thermal exchanges, enhancing the
performance.

Windscreens can be found in many of experimental research in the
fields of radiative cooling and RCE analyzed in this paper. However,
they are presented as an additional complement, meaning that the ef-
fects of using a windscreen are, in general, not examined.

The article reviewed and classified the different types of adaptive
covers used in order to reduce convective gains/losses, for later use in
mixed applications of both radiative cooling and solar heating. These
mixed applications have been classified into two major groups
depending on whether they rely on a single smart material or a combi-
nation of different materials (exchangeable covers). Polyethylene is the
most widely used material in radiative cooling and RCE applications due
to its high transmittance in the 8-14 pm band, the main atmospheric
window. Different prototypes have been developed that allow both night
radiation and daytime collection and the ability of these devices to meet
the demands of thermal loads has also been modeled. Polyethylene
presents serious structural and aging disadvantages. Increasing the
thickness of the material is not considered an optimal solution as it
worsens the total transmittance. Pigmented covers block a big portion of
the sunlight and are not appropriate for RCE applications. Alternatively,
zinc crystals offer some transmittance in the solar range and could be
used as thick windscreen in RCE applications. However, they are an
expensive solution.

Finally, authors suggest that chromic materials could become a du-
rable solution for windscreen in radiative cooling-solar heating appli-
cations. These materials are of high interest in smart windows and
glazing technologies. Due to this fact, papers analyzed do not present
information of the performance in the infrared region. On the other
hand, the chromic materials already studied in radiative cooling appli-
cations have been used as emitters so these materials have no seemingly
useful properties as windscreen. After this review, authors propose the
characterization of the optical properties, in both the solar range and the
atmospheric windows’ range, of chromic materials as the next research
step on the path of improving the performance of combined solar
heating and radiative cooling applications.
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Chapter V. P2: Numerical analysis of the combination of
radiative collectors and emitters to improve the performance
of water-water compression heat pumps under different

climates

1. Introduction

Global environmental awareness is increasing, and energy consumption is one of the main
issues to pay attention to. For instance, the European Union aims to suppress CO:2
emissions by 2050 [3]. Shifting towards an energy system based on renewable and clean
energy is currently a challenge. Technologies such as photovoltaics and solar thermal
collection have consolidated in the market and its implementation in buildings is growing

year after year.

In buildings, space cooling is mainly achieved by means of electricity consumption.
Compression heat pump is the most widely used technology worldwide [8]. Despite some
directives consider it to be a renewable technology when the COP is high, heat pumps

consume a large amount of electricity.

Radiative cooling is presented as a renewable technology to meet the cooling demands in
buildings. The energy savings of radiative cooling and RCE technologies has been studied
by several authors [58], [60]. Vall et al numerically studied the usage of RCE systems to
meet cooling demands and DHW in hotels, commercial and residential buildings in
different climatic zones [34]; the results showed that the percentage of cold coverage with
RC ranged between 0-40% in the majority of cases. According to Medrano et al [59],

integrating RCE panels in food industries could save upon 13%-62% of electricity.

However, the integration of active RC and RCE technologies in buildings is still in early
stages. Moreover, experimental results showed that the radiative cooling density power
is low [29], [77], and new strategies must be planned in order to make it a feasible
technology. The combination of radiative cooling with other technologies could foster its

development and implementation in the market.
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Coupling radiative cooling systems to the condenser of a water-water heat pump could
improve its performance, contributing to save the electricity consumed. A heat carrier
fluid can be cooled down by means of radiative cooling which then can be circulated
through the condenser of the heat pump. Theoretically, for each °C reduced in the
condenser, it can be saved 3.5% of electricity [64].

In the context of the national project (RT12018-097669-A-100), a numerical model of an
RCE was developed in the research group by Vall et al [73]. Using this model and the
optical properties of polyethylene described in Chapter 1V, the objective of this study
was to simulate the coupling of RCE with water-water heat pumps in order to determine

the potential improvements of their COP.
2. Contribution to the state of the art

Goldstein et al. [56] simulated a two-storey office building with a combined radiative
cooling and heat pump system in Las Vegas. In this chapter the candidate proposes two
different coupling designs of RCE and heat pump. The study of the performance is
extended to nine locations corresponding to eight different world climates, analysing the
COP of both the HP and the whole system taking into account the consumptions of all the
active elements, and comparing them to a reference system of a single heat pump (Fig
16). The performance of both designs is simulated in a single-house building using
TRNSYS. Finally, this system, compared to the one proposed by Goldstein et al, enables
the production of hot water.
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Fig 16. Conceptual scheme of the reference system.

During the day, both configurations used RCE fields to heat water which was stored in a
coiled tank. When a DHW demand occurred, the hot water in the tank was replaced with

tap water.

Regarding cold production, in the first configuration, named Intermediate Tank
configuration (IT), the cold produced during the night by the RCE is stored in an
intermediate tank. During the day, this tank acts as a heat sink for the condenser of the
heat pump. The heat pump absorbs heat from the cooling tank (where heat from the
building is rejected by the cooling distribution system) and releases it to the intermediate
tank, heating it up. An air-water heat exchanger is used as a support to dissipate heat to
the ambient air during daytime to avoid overheating. A conceptual scheme of the

configuration is presented in Fig 17.

49



CHAPTER YV

- Numerical analysis of the combination of radiative collectors and emitters to improve

*
\U/K
Universitat de Lleida

the performance of water-water compression heat pumps under different climates

Air-Water
Heat Exchanger

» Cooling
Demand

—p —)

RCE field ~ ) 3
Intermediate Pt Water-\Water

> L # Tank Heat Pump
Pree L’{T]—"—'\' 3

Cold Tank

v T —
LA —» DHW
Demand

DHW Tank

Fig 17. Conceptual scheme of the combination of RCE+HP in the Intermediate Tank
configuration (IT).

The second configuration uses the concept of peak load shifting as a base of design,
coupling both the production of cold in the RCE and the production of cold in the heat
pump, which is latter used for space cooling. To reduce the diurnal peaks of the demand,
part of the production is displaced to the previous night. During the night the RCE cools
down a heat transfer fluid which is then circulated through the condenser of the heat
pump, improving its performance. At the outside of the evaporator, the cold generated is
stored in a cold tank. This configuration simplifies the previous system, removing one
speed pump and the intermediate tank. The conceptual scheme of the system is presented
in Fig 18.

The results in paper P2 proved that the cold generated in the RCE could be a useful heat
sink for the condenser of the heat pump, improving its performance and saving electricity.
In cities with dry climate and low cooling loads the improvement of the coefficient of
performance was greater, while in humid climates or with high cooling demands, the

improvement of the performance is not as high.

This paper brings more knowledge, diminishing the gap that currently exists in the
literature, in the line of implementing and integrating RC and RCE in buildings with

different characteristics and load profiles.
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Fig 18. Conceptual scheme of the combination of RCE+HP in the Peak Load Shifting
configuration (PL).

3. Contribution to the objectives of the thesis

This chapter starts from hypothesis H2 and H3 and contributes to fulfil objective O3, proving
that RCE combined with a heat pump increases the overall performance of the system

producing cold, while producing heat at the same time.

The results showed a better performance of the heat pump in IT configuration in most of the
cases studied. However, when taking into consideration the consumption of the active

elements of the systems, PL configurations show a better performance in most of the cases.

The results showed an underutilization of the facility in solar heating mode. The candidate

considers that more focus should be put on this issue in future steps of the project.
4. Contribution of the candidate

Roger Vila Mir6 was in charge of defining and implementing the configurations in
TRNSYS, developing the controls of the systems and performing the simulations on the
established locations. He was also in charge of the troubleshooting derived during the

simulations

After the simulations, the candidate performed the data analysis of the results. Finally, he
also led the writing of the paper.
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Abstract

Radiative cooling allows to cool down surfaces in a renewable way. It can be combined with solar
collection functionality to produce heat and cold in a single device known as Radiative Collector
and Emitter (RCE). In this paper we propose to combine a RCE with compression heat pumps to
improve its performance, producing both heat and cold. Two combined systems are studied: a
peak load shifting configuration where radiative cooling and cold production for demand occur
simultaneously, and a decoupled configuration with an intermediate tank. The research
numerically simulates both systems in different cities and climates, and compares them to a
reference system based on a conventional heat pump. The results reveal and improvement of the
performance in both configurations: a greater performance of the heat pump is found in the
intermediate tank configuration; but after considering the electrical consumptions of all
components of the system, peak load shifting configurations exhibit the best performance in most
of the cities. Denver, Lleida and Rome — cities with dry climate and moderate cooling
requirements — are the top cities with the greatest improvement of the performance. In the solar
heating mode, the facilities show an underutilization of the collection field.

Keywords: radiative cooling; solar thermal collector; heat pump; coefficient of performance;
numerical simulation; building integration; TRNSYS

Nomenclature

Cow specific heat capacity of water at constant pressure kl/kg-K
C cold side of a heat pump (evaporator) -
E, cooling energy demand kJ
Epnw DHW energy demand kJ

film coefficient W/m2-K
H Hot side of a heat pump (condenser) -
m flowrate kg/h
Mprw domestic hot water (DHW) flowrate kg/h

opaque sky cover tenths
Q. heat extracted in the heat pump w
Ratm infrared radiation from the atmosphere W/m2
Ryet infrared radiation net balance W/m2
T, temperature of the cold side of the Heat pump K
Tap dry bulb temperature K
Tap dew point temperature K
Th temperature of the hot side of the Heat pump K
t time step h
v wind speed m/s
w electricity power consumption w
ATyank temperature differences in the tank
Esky emissivity of the sky -
& emissivity of the surface -
o Stefan-Boltzmann constant: 5.67-10-8 W/m2 -K#*
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Abbreviations

cop Coefficient of Performance

DHW Domestic Hot Water

HX Heat Exchanger

HP Heat Pump/ Heat Pump Alone Configuration
T Intermediate Tank Configuration

Py Pumpn?1

P, Pump n? 2

Prce Pump of the RCE field

Pyx Pump of the Heat Exchanger

PL Peak Load Shifting Configuration
RC Radiative Cooling

RCE Radiative Collector and Emitter
SCOP Seasonal Coefficient of Performance
SH Solar Heating

1. Introduction

The climate emergency has become a major concern, forcing us to rethink the current energy
system based on fossil fuels. This challenge is being considered in recent public policies. In the
case of the European Union, this was expressed in Directive 2009/28/CE [1] on the promotion of
energy from renewable resources, Directive 2018/844 [2] and recommendations 2019/786 [3] on
the renovation of buildings. Project Europe 2030 [4] set out three key goals by 2030: (a) a
reduction of at least 40% of greenhouse gas emissions with respect to 1990 values, (b) a share of
at least 32% in renewable energy and (c) an improvement of at least 32.5% in energy efficiency.
This is lately reaffirmed in the European Green Deal, certified in 2020, which approved a
financing plan equivalent to 1.8 trillion to suppress CO, emissions by 2050 and decouple the

region's economic growth from material resources [5].

One of the sectors with the greatest impact on energy consumption is the building sector.
Consumption in buildings is estimated to be 40% of final energy consumption in Europe,
accounting for 36% of CO; emissions [6]. The biggest part of this energy (80%) is used to meet
the energy demands for space conditioning (DHW, Cooling and Heating). It is foreseeable that,
continuing the same path, the energy consumption used in refrigeration in household increases as
a result of the rising of the global temperatures and the new episodes of heat waves which, in turn,

implies new CO- emissions to the atmosphere; contributing to a vicious circle.

In recent decades, renewable energies — with zero or minimal greenhouse gases’ emissions— have
begun to play a new role, being more important in the total energy mix. Technologies such as
photovoltaics and solar thermal collection have experienced a great development and they are
now available in the market as consolidated commercial applications. Despite this, the cooling
comfort is still achieved by means of electricity consumption [6]. In the last years, new
technologies based on the natural phenomenon of radiative cooling have been studied [7]-[9].

These technologies enable to produces cold in a renewable way.
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Radiative cooling is the natural process by which the terrestrial bodies reduce their surface
temperature by emitting infrared radiation towards the outer space. The peaks of the emitted
radiation fall between the range of 7-14 um of wavelength. The terrestrial atmosphere is
transparent to this wavelength; the energy can escape and dissipate into the outer space, which is
approximately at 3K. During clear nights, the net balance between the radiation emitted by the
objects and the radiation absorbed from their surroundings allows to cool them down to
temperatures below ambient. With the development of new materials in the past years, nowadays
radiative cooling can also be achieved during the day, under the exposure of solar radiation [8],
[10]-[14].

Another notable achievement in this line has been the combination of nocturnal radiative cooling
and diurnal solar heating applications in a single device, hereinafter referred as Radiative
Collector and Emitter (RCE) in this paper (see section 2.1). Solar heating is a long-researched
renewable technology [15], [16] with commercial applications in building and industrial sectors
for years. While radiative cooling happens in wavelengths between 7-14 um, solar heating is due
to the 0.25-2.5 um wavelength range. Despite their behaviour are totally opposite they are
analogous: both are achieved, during different times of the day, in the surface by means of
absorbing/emitting of electromagnetic radiation. This novel technology is still under development
and has not reach yet the market. Thermodynamic limitations prevent radiative cooling-based
technologies from achieving higher cooling powers. On average, experimental values between 20
and 80 W/m? with peaks at 120 W/m? were achieved [18], which falls an order of magnitude
below the powers that can be obtained by solar collection. Nevertheless, this cold generated can
still be used to cool spaces. Moreover, according to Fernandez et al. [19], climates where night-
time hours are warm and humid may limit the impact of radiative cooling, while climates with

warm days, cool nights and low humidity are identified as favourable targets.

The combination of a heat pump and an RCE could improve the seasonal coefficient of
performance (COP) of the heat pump. An increase in the COP contributes to the reduction of the
electricity consumed in the operation of the machine. The electricity consumed by HP is reduced
by approximately 3.5% for every °C reduced in the condenser [20]. Cold water produced during
night-time by the RCE can be used to reduce the thermal difference between the condenser and
the evaporator in a water-water heat pump. Coupling RCE with commercial cooling systems

could make this technology more attractive for the market.

To our knowledge, there is little research done examining the impact of combining technology
based on radiative cooling with conventional cooling technologies. Medrano et al. [21]
numerically analysed the improvement of the integration of RCE panels in seven food industries.

The results showed potential electricity savings between 13% and 62%. Fernandez et al. [19]
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simulated a system based on daytime radiative cooling coupled to a radiant floor, in an office
building, with electricity savings between 45% to 68%. Goldstein et al. [22] simulated a two-
storey office building with a system combining radiative cooling and heat pumps; the results
showed electricity savings of 21% during summer. The previous studies are limited to meet the
cooling needs of a building, this study expands the focus to meet the cooling and the DHW needs
of a building. The paper also widens the number of configurations and climates studied, proposing
two possible combinations of RCE and heat pump (RCE+HP).

The aim of this study is to evaluate the improvement of the COP of a heat pump, and the potential
energy savings, when combining it with the cooling function of the RCE. The systems are
compared with a reference case with no RCE. The study presents a numerical analysis of the
improvement of the performance and the energy savings in a single-family house. The study is

extended to nine different locations, with different weather conditions, and different energy loads.

2. Background
2.1. RCE background

The combination of solar collection and radiative cooling functionalities in a single RCE device
has been proposed by several authors. Matsuta et al. [23] were the first to propose a selective
absorber/emitter capable of achieving diurnal solar capture and nocturnal radiative cooling. The
results showed that the powers achieved in the combined system were lower than in separate
systems. Lately, Erell and Etzion studied the capacity to collect solar energy on a radiative
cooling surface [24] and the capacity of a solar collector to dissipate heat by radiative cooling
[25]. The authors pointed out that the convective effects were negative during the solar collection.
Zhao et al. [26] investigated the effects of wind speed on an RC surface. In sub-ambient
temperatures applications, the convective transfers have a negative effect on the surface

performance.

The findings of the studies by Erell and Etzion and Zhao et al. reveal the importance of a
convective cover in this type of combined applications. The problem lies in the ranges of the
electromagnetic spectrum in which each of the functionalities works: nocturnal radiative coolers
emit in the range of 3-25 um (long wave) - with peaks between 8-14 um -, while daytime solar
collectors absorb in the range 0.2-3 um and block long-wave radiation (Fig 1). A cover for RCE
should be transparent to solar radiation and opaque to infrared radiation during the day, while at
night it should be transparent to infrared radiation. The latter implies complex designs. Vila et al.
[27] presented a review of existing covering solutions in combined applications. In commercial
solar heating applications, glass covers - transparent to solar radiation and opaque to other
wavelengths - are the main solution; in radiative cooling applications the most common solution

are plastic covers -transparent both in the atmospheric window and the solar radiation-, especially
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polyethylene. Vall et al [18] proposed a device that uses an adaptive cover for each of the two
RCE modes. The cover consists of two elements: a fixed polyethylene cover, located above the
emitting/absorbing surface, and an outer glass cover capable of sliding over the device according
to the operating mode (Fig 2).

2| Downgoing Solar Radiation Upgoing Thermal Radiation
g 70-75% Transmitted 15-30% Transmitted
[ 0
-
= $
gl o &/
é 3, v
(v)
UV__| Visible Infrared
0.2 1 10 70
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Fig 1. Solar radiation spectrum (red) and infrared radiation through the atmospheric window (blue). Modified from
[28].
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Fig 2. Design of an RCE composed by an emitter surface with a fixed polyethylene cover (in yellow) and a sliding glass
cover (in dark grey) proposed by Vall et al. [18] (left). Parts of the RCE and main heat exchanges in the different modes
of operation: diurnal heating mode and nocturnal cooling mode, with movable cover proposed by Vall et al. (right).

Hu et al. [29] developed a mathematical model of a system combining solar heating and radiative
cooling, but it didn’t simulated an adaptive cover which changed its optical properties. Vall et al.
[30] also presented a new model capable of simulating a combined RCE system that included the
adaptive cover. This model allows to vary the optical properties of the cover depending on the
operating system. This system is based on the adaptive cover proposed in Vall et al. [18] (Fig
2). The adaptive cover by Vall et al. consisted on a film cover of polyethylene placed on top of
the absorber/emitter, enabling the transmittance of both solar and infrared radiation, and a sliding

glass cover. During the day the glass cover was placed on top of the polyethylene film and the
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absorber, achieving solar heating; during the night it was removed to obtain radiative cooling.
The mathematical model was experimentally validated and implemented in TRNSYS and is the

one used in this study.

2.2. Compression heat pumps

Compression heat pumps (HP) is the most widely used technology in the world for cold and heat
production in buildings. It is a technology that uses large amounts of electricity in order to extract
heat - in the cooling cycle - on the side of the evaporator (cold focus) and dissipate it on the side

of the condenser (hot focus).

COP is a measure of HP's efficiency and is defined as the ratio between the heat extracted and the

electrical energy required as input (eq (1)).

Qc
Wnet

CcoP = (1)

In an ideal cooling cycle, eq (1) can be expressed as eq (2). According to this equation, the
performance of the HP is related to the temperature gap between the hot focus (T},) and the cold
focus (T,) of the machine. The lower the temperature of heat rejection, the higher the efficiency

is:

T
cop =—= 2)

HP in cooling cycles is mainly used under hot weather conditions, especially during the hottest
hours of the day, increasing the temperature of the condenser and reducing its efficiency.
Combining the HP with nocturnal RC is intended to reduce the temperature of the hot focus, using
the cold of the RC as a heat sink.

3. Methods of Simulation

In this study we proposed two configurations for combined RCE + HP systems. These systems
allow to produce heat by means of solar collection and to improve the performance of heat pump,

in cooling mode, due to radiative cooling. Both configurations are compared to a reference case.

Three cooling systems were simulated in this study. The first one is based on a conventional heat
pump system which has been used as a reference system. The other two systems combine
compression heat pump systems with RCE technology. The configurations are described in

section 3.1.
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Simulations have been performed in a total of nine cities, corresponding to eight different climates
according to the Koppen-Geiger classification [31]. The transient behaviour of the systems were

simulated using TRNSYS software.
3.1. Description of refrigeration systems

In this section, the different refrigeration system configurations studied, as well as their operation
are presented. Three configurations are studied: Heat Pump (HP) alone (used as the reference
configuration), Intermediate Tank configuration (IT), and Peak Load Shifting configuration (PL).
While the HP alone configuration is used as the reference configuration, both the IT and the PL
configurations combine the heat pump with the RCE to improve the COP. Fig 3, Fig 4 and Fig 5
show the TRNSY'S models used in HP, IT and PL configurations, respectively.
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Fig 5. Transient energy model of the Peak Load Shifting configuration (PL) in TRNSYS.

The heat pump is a single-stage water-to-water heat pump simulated using Type 927 from the
Trnsys TESS library in all configurations [32]. The type simulates the heat pump based on the
data provided in an external file, relating the rated cooling capacity, the rated consumption, the
condenser flowrate, and the evaporator flow rate. These parameters are sized for each studied city
(see 4.3Table 3).

The RCE operates under radiative cooling mode during night-time, while it operates under solar

heating mode during daytime, depending of the hour of the day and the sunset and sunrise hours.

3.1.1.Heat Pump (HP) alone configuration

The conventional cooling circuit based on a water-to-water heat pump has been used as a

reference system to evaluate the improvement of the RCE (Fig 6).

On the side of the condenser, we modelled a closed circuit consisting of a single speed pump and
an air-water heat exchanger. In the heat exchanger the heat transfer fluid is cooled down to

temperatures close to ambient, dissipating the heat of condensation to air.

A tank is connected to the side of the evaporator to store the cold water coming out of the heat
pump. The circuit operates until an average set point temperature of 7 °C inside the tank is reached.
The tank acts as a buffer tank to extract cold from during demand hours. During the demanding

hours the tank heats up, when it reaches a limit temperature of 17 °C, the heat pump is reactivated.
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Fig 6. Conceptual scheme of the HP Alone configuration used as the reference case in the simulations. The heat pump
is composed of the condenser (hot side, H) and the evaporator (cold side, C).

3.1.2. RCE+ Heat Pump in Intermediate Tank configuration (IT)

In this improvement system, when the solar radiation is higher than 100 W/m?, the RCE produces
heat during the day which is stored in a hot water tank, with an internal coil, for later use in DHW.

The tank is emptied during DHW demand hours and refilled with mains water.

During the night, if the net balance between the radiation emitted by the RCE surface and the
radiation absorbed from the atmosphere is higher than 25 W/m?, the system is activated. The RCE
field, formed by the RCE panels in parallel and a variable speed pump, cools water which is stored
in an intermediate cold tank. This tank is used as a heat sink for the HP condenser. In the
condenser side of the heat pump is connected, in addition, a single speed pump and an air-water
heat exchanger. In the heat exchanger water is forced to a pre-cooling process: the water is cooled

down to a few degrees above the ambient before it enters to the RCE field.

Next to the evaporator side of the heat pump there is a single speed pump and a third tank, the
cold tank, that is used as a buffer tank to store the cooled water from the HP. The control activates
the heat pump during the day, and the system starts removing heat from the cold tank, cooling it
down, and releases it into the intermediate tank. The HP operates during the day until the cold
tank reaches an average temperature of 7 °C. Similar to the reference circuit, cold is extracted
from the cold tank during demand hours and, when the cold tank reaches a set point temperature
of 17 °C during the daytime, the system operates like the reference case, dissipating heat to the

ambient. A conceptual scheme of the system is presented in Fig 7.
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Fig 7. Conceptual scheme of the combination RCE+HP in the Intermediate Tank configuration (IT).

3.1.3.RCE + Heat Pump in Peak Load Shifting Configuration (PL)

The second proposed improvement system is based on a peak load shifting process for cold
production. In order to reduce the peak in the cold demand during the day, part of the cold
production is advanced to the previous night. This configuration is a simplification of the previous
system, in which one speed pump and the intermediate tank is removed. Similarly to IT, in this
configuration the heat produced during the day is stored in a hot water tank with coil and later
used in DHW. During the night, on the side of the condenser, the heat transfer fluid is subjected
to a pre-cooling process through the air-water heat exchanger - which lowers the temperature
close to ambient temperature - and is then circulated through the RCE circuit. The cooled fluid in

the RCE is immediately used as the condenser heat sink.

On the side of the evaporator, the water is cooled and stored in the cold tank, which works as a
buffer tank, until a set-point temperature of 7°C inside the tank is reached. When there is a demand
for cooling, the cold is extracted from the tank, heating it up. Once the cold tank reaches a
temperature of 17 °C, the heat pump is reactivated to cold down the water of the cold tank. If the
heat pump is operated during daytime, heat is dissipated to the air through the heat exchanger.

The conceptual scheme of the system is presented in Fig 8.
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Fig 8. Conceptual scheme of the combination RCE+HP in the Peak Load Shifting configuration (PL).

3.2.Simulation Conditions
3.2.1. Cities

Each of the three facilities, described in section 3.1, were simulated for each of the nine cities,

corresponding to eight different climates according to Képpen-Geiger classification (

Table 1). Cities were selected in order to represent most of the climates of Koéppen-Geiger

classifications; cold climates or without cooling demands were not considered in the analysis.

Table 1. Cities of simulation and equivalences betwen the K6ppen-Geiger climate classification and the International
Energy Conservation Code (IECC) climate zones.

i Coordinates otation | o
Lleida 41,61674N - 0,62218E Bek X
Caracas 10,48801N - 66,87919W . )
Chicago 41,85003N - 87,65005W Dt -
Denver 39,73915N - 104,9847W Bek ;
London 51,50853N - 0,12574W . -
Ottawa 45,41117N - 75,69812W ot p
Riyadh 24,68773N - 46,72185E BWh .

Rome 41,89193N - 12,51133E o 5

Tokyo 35,6895N - 139,69171E a ;
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3.2.2.  Simulation Season

The study simulated the warmest months in the northern hemisphere. The simulation period
included June, July and August (between 01/06 00:00 and 01/09 00:00). The time step chosen in

the simulation was 5 minutes.
3.2.3. Building Load Demands

The studied facilities were designed to meet the load demand for cooling and DHW - the latter

only in the two RCE facilities - of a single-family detached house with crawlspace (Fig 9).

i |
{/

Fig 9. Model of a single-family house used to simulate the energy loads in EnergyPlus. North-West orientation.

Energy demands have been generated using numerical simulations in EnergyPlus [33]. The
building models used in the EnergyPlus simulation were modifications of the models published
by the USA Department of Energy (DOE). Models are typified for different cities in the USA and
their constructive characteristics vary according to the climatic region, which are based on the
International Energy Conservation Code (IECC) [34]. In this research Koppen-Geiger climate

regions were assimilated to an IECC climate zone with close characteristics (
Table 1) in order to simulate the energy loads in different cities of the world.

The model of the single-family house consists of a double-decked building with a rectangular
floor plan and a gabled roof. The facades are oriented towards each of the four cardinal points. It
has a total of eight windows, four windows on each floor (one on each facade). The access door

is located on the northern facade of the house.

Additional improvements have been added to the original model to reduce demand. The additional

improvements were:

- Schedules set point temperature set at 25°C.
- Summer night ventilation schedule set between 20h and 8h.

- Solar protections (overhangs).
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The energy demands file generated in EnergyPlus is, afterwards, read by each of the TRNSYS
models. The energy loads for the summer months are shown in Fig 10 for each simulated city. As
it was expected, the cooling requirements are much higher than the rest of the energy needs.
Heating loads are smaller in comparison, and they are not considered in the TRNSYS simulations.
Riyadh and Caracas present more stringent cold requirements compared with the other cities of

the simulation.

l:| Lleida

Denver

. London

Caracas

=1
=
=)

Rome

. Chicago
. Ottawa
] rokve

I:l Riyadh

Energy loads [k¥vh]

2500 -

Tl [

! ! !
Cooling DHW Heating

Fig 10. Energy loads (DHW, Heating and Cooling) of a single-family house during the warmest months (June to August)
in the nine studied cities. Cooling energy demands are one order of magnitude above DHW. Heating demands are
much lower in comparison and are overlooked.

3.3. Calculations
3.3.1. CORP of the heat pump

The COP of the heat pump is calculated in TRNSYS as the ratio between the heat extracted in the

evaporator side and the electrical consumption of the heat pump (eq (1)).
3.3.2. COP of the system

The study only compares the performance of the proposed configurations when they are working

in the cold production mode (the reference system is only able to generate cold in this simulation).

The COP of the system represents the ratio of heat extracted on the cold side of the heat pump —
in this case, the evaporator — and the electric consumption of all the active elements of the system
(speed pumps and heat pumps). The number of active elements varied depending on whether the
heat pump operates during the night, in combination with RC phenomenon, or during the day.
Equations eq (3) and eq (4) were used to calculate the COP of the full system, taking into account

the energy consumptions of all the active elements, of the Peak Load Shifting configuration and
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the Intermediate Tank configuration, respectively, when the HP operates during the night; eq (5)
and eq (6) were used when HP operates during the day for Peak Load Shifting configuration and

the Intermediate Tank configuration, respectively. Eq (7) represented the COP of the reference

system.

Q.
COP = (3)
COP = C (4)

W, + W, + Wpoop + Wap

Q.

COP = (5)
WPZ + Wp1 + WHP

Q.

COP = (6)
sz + WPHX + Wp1 + WHP

COP = Q (7)

WPZ + Vl/p1 + WHP

Where Q. represents the ratio of heat extracted on the cold side of the heat pump, and W,
respresents the electricity power consumption of the different speed pumps and the heat pump

(described in the nomenclature), which were provided by TRNSYS tool.

The coefficient of performance of the HP and the full system was calculated for each observation.

An average value was used as an indicator of the seasonal coefficient of performance (SCOP).

3.3.3.  TRNSYS equations
3.3.3.1. Sky emissivity and IR radiation

In the calculation of atmospheric radiation, it was assumed that the sky was at the dry bulb
temperature (Tq) of ambient air and that the effective sky emissivity could be determined
according to the Walton correlation (eq (8)) [35], where Tq, is the dew point temperature in

Kelvins, and N is the opaque sky cover in tenths.

_ l po
Esky = 0.787 + 0.764 - In ﬁ @)

(14 0.0224-N — 0.0035-N?+0.00028 - N3)

Using the effective sky emissivity, the incoming infrared radiation was expressed as eq (9).

Rotm = Esky "0 - T;b 9)
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3.3.3.2. Net Balance

The radiative cooling power was determined by the net infrared radiation balance. This balance
is defined as the difference between the radiation emitted by the surface - at surface temperature

of the RCE, T; - and the incoming atmospheric infrared radiation absorbed by the surface (eq (8)).

Rper = &0+ Ts4 — Ratm (10)

4. Systems modelling

4.1.Energy loads simulation

The building model was not included in the TRNSYS simulations, but the demands were
calculated separately using EnergyPlus (see section 3.2.3). In TRNSYS simulations we
implemented the reading of the demand file generated in EnergyPlus and two auxiliary sub-

circuits, DHW and cooling, which simulate the fulfilling of this load demand.

The file generated in EnergyPlus was arranged as a table consisting on observations, every five
minutes from Jan 1st 00:00 to Dec 31st 23:59, for the demands of DHW, heating and cooling,
expressed in Joules. A fourth column of the file expressed the time group of the observation. At
the beginning of the simulation the tanks had no accumulated energy to supply the demand. In
order to prevent the overworking of the facility, for the first day of simulation (Jun 1st) the energy

demands of the building were set to zero.

The DHW and cooling outputs of the file are connected to the DHW sub-circuit and the cooling
sub-circuit. The DHW sub-circuit simulates an open circuit consisting of the DHW tank and a
variable speed pump. When there is hot water demand, part of the water in the tank (hot water) is
replaced by mains water. The mains water is set at 13 °C. The flow rate by which the water in the
tank is replaced is determined by an energy balance according to eq (11).

EDHW (11)

Mpuw = 7 %
Cpw " ATtank -t

Where Epyy is the DHW energy requirements at a given timestep obtained from EnergyPlus

simulations, c,,,, is the water specific heat, ATy, is the temperature difference between the tank

and the mains water, and t is the timestep (set to 5 minutes).
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The cooling sub-circuit simulates a closed circuit consisting of the cold tank and a constant flow
pump. When there is a cooling demand, the speed pump activates and circulates water from the

cold tank. The return temperature to the tank is calculated according to eq (12):

ke (12)

Tret = Tour + :
CP,W * mC * t

Where E. is the cooling requirements at a given timestep obtained from EnergyPlus simulations,

Tyt 1S the temperature of the water at the outlet of the cold tank and m is the cooling flowrate.
4.2. Description of the types

The main characteristics of each type models are summarized in Table 2. The following sections

describe the important types (RCE, Heat Pump and Control) used in the simulations.

Table 2. Summary of the TRNSYS’ types used in the simulations of the different configurations.

Name Type Main Parameters Input variables Output Variables
RCE Type 67 parameters including: Inlet temperature Outlet temperature
800 - geometry of the panel | Inlet flowrate Outlet flowrate
- thermodynamic Ambient temperature Useful gain
properties of air, Wind velocity Temperature of the cover
water and insulator Global horizontal solar Temperature of the
- optical properties of radiation and infrared radiator
cover materials and radiation Temperature of the pipe
radiator Temperature of the
insulator
Control RCE Type Sunrise and sunset time Month Control signal
807 for each month of the year | Simulation time
Control pumps Type Gamma variable pump Global horizontal solar Variable speed pump
(Im 809 Solar radiation limit radiation and infrared control signal
Infrared radiation limit radiation Heat Pump control signal
RCE net radiation Heat exchanger control
Cold tank signal signal
DHW tank signal
Energy load demand
Ambient temperature
RCE outlet temperature
RCE mode work
Control pumps Type Gamma variable pump Global horizontal solar Variable speed pump
(PL) 808 Solar radiation limit radiation and infrared control signal
Infrared radiation limit radiation Heat Pump control signal
RCE net radiation Heat exchanger control
Cold tank signal signal
DHW tank signal
Energy load demand
Ambient temperature
Cold tank average
temperature
RCE mode work
Heat Pump Type Rated Cooling Capacity Inlet flowrate Outlet flowrate
927 Rated Consumption Inlet temperature Outlet temperature
Cooling control signal Heat transfer
Power consumption
Differential Type 2b | High limit cut-out Input temperature Output control function
Controller temperature Monitoring
temperature
Dead bands
Input control function
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Air-water Type 5¢ | Specific heat of water Inlet temperatures Outlet temperatures
Heat Exchanger Specific heat of air Inlet flowrates Outlet flowrates
Overall heat transfer Heat transfer rate
coefficient Effectiveness
Storage tank Type Tank volume Inlet temperatures Outlet temperatures
158 Tank height Inlet flowrates Outlet flowrates
Number of ports Loss temperatures Average tank
Height of ports temperatures
Number of tank nodes Tank losses
Loss coefficient
Storage tank Type Tank volume Inlet temperature Outlet temperatures
with coil 156 Tank height Inlet flow rate Outlet flowrates
Number of ports Control signal Average tank
Height of ports Pump efficiency temperatures
Number of tank nodes Motor efficiency Average coil
Number of coil nodes temperatures
Loss coefficient Tank losses
Variable Speed Type Rated flow rate Inlet temperature Outlet temperature
Pump 110 Rated power Inlet flow rate Power consumption
Fluid specific heat Control signal Fluid heat transfer
Power coefficients Pump efficiency Environmental heat
Motor efficiency transfer
Single Speed Type Rated flow rate Inlet temperature Outlet temperature
Pump 114 Rated power Inlet flow rate Power consumption
Fluid specific heat Control signal Fluid heat transfer
Overall pump efficiency | Environmental heat
Motor efficiency transfer
Controlled Flow | Type1l | - Inlet Temperatures Outlet Temperatures
Diverter and Inlet Flowrates Outlet Flowrates
Tee Control Signal
Data Reader Type 9 - - DHW loads
Cooling loads
Weather Data Type 15 | - - Dry bulb temperature
Processor Dew point temperature
Wind velocity
Opaque sky cover
Global horizontal
radiation
Output printer Type 25 | - Outputs to read External File
Time value Type 21 | - - Time of simulation
Day of simulation
Month of simulation

4.2.1. RCE

This is an own Type based on the model developed and experimentally validated by Vall et al.
[30]. It consists on a global energy balance between the RCE, the ambient air and the sky in order
to determine the net heat flow entering or leaving the RCE. On the other hand, the RCE is
discretized in different nodes using a one-dimensional electrical analogy (1D), which includes
some 2D effects based on detailed simulations of these effects using Comsol Multiphysics. The
radiative balance is performed for four different wavelength ranges (0-4 um, 4-7 um, 7-14 um and
>14 um). The model allows the use of two cover materials. This allows to distinguish between
different wavelength ranges, with special interest in the infrared atmospheric window (7-14 um),

to integrate the dual functionality solar collector/radiative cooler. Energy balance equations are
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ordinary first-order differential equations that are solved numerically using Euler's implicit

method.
4.2.2.  Heat Pump (Type 927)

This Type belongs to the TRNSYS TESS library and simulates a single-stage water-to-water heat
pump. The model is controlled by a signal that turns the pump on or off and receives as inputs the
flows and temperatures in the condenser and evaporator. The outputs (flowrate and temperature
of the fluid, heat transfer and power consumption of the heat pump) of the model are based on
information contained in a data file supplied by the user which contains catalogue data for the
capacity and power [32] (see 4.3.1). These values are determined by the temperatures and

flowrates at the inlet of the condenser and evaporator.
4.2.3. Control

Three types were developed ad-hoc to control the combined RCE + HP facilities. The first one
controls the operation mode of the RCE (radiative cooling or solar heating) depending of the time
of the simulation. The second type controls the operation of the Peak Load Shifting system, and
the last type controls the Intermediate Tank system.

The types use as inputs the solar radiation and the net RC balance of the RCE surface, the ambient
temperatures and the temperatures of the different tanks and the energy demand of the simulated
building. These inputs determine the operating status (ON / OFF) of the speed pumps and heat
pump, and the flowrate control signal of the variable speed pump. To filter low radiation values,
the system is OFF in RC mode if the net radiation balance is below 25 W/m? and below 100 W/m?

in SH mode.

4.3.Sizing
4.3.1. Heat Pump

In order to compare the different configurations, the heat pump had the same characteristics in
the three systems, but was specifically sized for each studied city. As a criterion to size the water-
water heat pump we chose a maximum cooling capacity equivalent to the peak cooling loads of
the building.

The sizing of the heat pumps is based on Airlan’s commercial heat pumps [36]. The sizing
parameters were scaled in order to meet the worst case observation, which was previously
simulated. Table 3 summarizes the main parameters of the heat pump for each of the

representative locations.
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Table 3. Design parameters of the water-water heat pump.

Rated Electricity Condenser | Evaporator Worst case Heat Pump
Cooling Consumption Flowrate Flowrate observation model
Capacity [kW] [kg/h] [kg/h] time
[kw]
Lleida 6.28 1.73 1362 1086 19:0019/07 WRL-H 026
Caracas 6.42 1.88 1368 1116 16:10 26/08 WRL-H 031
Chicago 5.65 1.56 1224 972 18:1501/07 WRL-H 026
Denver 5.05 1.39 1080 864 19:00 26/06 WRL-H 026
London 3.94 1.09 864 684 19:00 19/07 WRL-H 026
Ottawa 5.71 1.57 1224 972 18:25 20/07 WRL-H 026
Riyadh 9.02 2.19 1908 1548 19:55 29/06 WRL-H 041
Rome 5.71 1.57 1224 972 18:25 23/07 WRL-H 026
Tokyo 5.50 1.52 1188 936 18:1501/07 WRL-H 026

4.3.2. Cold tank

The criterion used to size the cold tank is that the tank must meet the totality of the cooling demand
of the 75% of the days. The other 25% of days, with higher demands, are only partially met. Table
3 summarizes the storage volume of the cold tank.

Table 4. Cold tank capacity.

City Cold tank volume
[m?]
Lleida 2.5
Caracas 6.5
Chicago 35
Denver 2.5
London 1
Ottawa 1.8
Riyadh 9
Rome 2
Tokyo 2.9

4.3.3. RCE area

The proposed systems have been sized for an RCE area of 30 m?, equivalent to 15 RCE panels in
parallel configuration. Assuming an average radiative cooling capacity of 50 W/m? ([37], [38]),

1500 W of radiative cooling power are estimated.
4.3.4. Solar heating mode characteristics

The Spanish Technical Code (CTE) [39] and the Spanish Institute for the Diversification of
Energy Saving (IDAE) [40] recommend that the storage volume for a solar thermal collection
system lays between 50-180 I/m? of capturing surface and the flowrate remains between 40-60
I/h-m? of capturing surface. The storage volume of the DHW tank was set at 1.5 m® and the
flowrate of the fluid through the RCE fields was set at 1500 kg/h.
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4.3.5. Radiative cooling mode characteristics

Radiative cooling characteristics are different among PL and IT configurations. In the PL
configuration, the RCE flowrate is determined by the characteristics of the chosen heat pump: it

was set to be equal to the flowrate required in the condenser of the heat pump (Table 3).

In IT configuration the intermediate tank was sized with a volume of 2 m3, assuming an average
cooling power of 50 W/m? during 7 working hours at night and a thermal decrease of 5 °C at the
end of the night. In this configuration, the flowrate through the RCE can be decoupled from the
HP’s condenser. This means that a lower flowrate, which maximizes the thermal differences
between the inlet and the outlet in the RCE, can be selected. In all the cities this flowrate was set
to 450 kg/h, about 3 times smaller than the PL flow rate, in order to achieve temperature
differences of 2-3 °C between the inlet and the outlet of the RCE.

5. Results and Discussion
5.1.Cold Production

5.1.1. Analysis of the performance

Fig 11 shows the comparison of the performance of the different configurations in each studied
city. This figure shows both the seasonal COP of the heat pump and the system. The combination
of RCE with heat pumps showed and improvement of the seasonal COP of the heat pump in all

the studied locations

Differences in the performance between different configurations tend to be similar when
considering the seasonal COP of the system. After accounting all the electrical consumptions
(COP of the system), the PL configuration has lower efficiency than the reference model in
Caracas, and the IT configuration behaves similarly to the reference in Caracas, Chicago and
Riyadh.

In seven of the nine cities (Lleida, Ottawa, London, Tokyo, Rome, Chicago and Caracas) the
improvement in HP's performance is greater in IT configuration than PL. However, after
accounting the consumption of all the elements, the improvement of the COP of the system is
greater in PL configuration in most cities (Denver, Rome, London, Riyadh and Tokyo). The
intermediate tank configuration (IT), despite being the most complex system of all, and having
one more tank and one more pump than the peak load shifting configuration (PL), and two more
pumps than the reference configuration, improves the COP of the system in Caracas, Lleida and

Ottawa.
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Fig 11. Seasonal coefficient of performance (SCOP) in cooling mode of the water-water heat pump and the system for
the three configurations: HP Alone, Peak Load Shifting (PL) and Intermediate Tank (IT) configuration

Denver (PL), Lleida (PL and IT) and Rome (PL) are the top three cities where the improvement
of the whole system is greater (23.09%, 16.59%, 16.09% and 14.56%, respectively). The three
cities are ranked in the middle of the table in terms of cooling requirements (Fig 10). According
to the Koppen-Geigger, Denver and Lleida are classified in Bsk climate which is characterized
for being dry climate and for having cold or very cold winters and hot summers. Rome is classified
in Csa climate which is represented by dry and hot summers. The three cities are subjected to low
humidity conditions; these results are in agreement with the stated by Fernandez et al. [19].

On the other hand, Caracas (PL and IT), Riyadh (IT), Chicago (PL) and London (IT) are the cities
where the system performed worst. Climates in Caracas, Chicago and London are distinguished
by humid weathers. Riyadh, despite being in a dry climate area, presents the highest cooling
demands of all the nine studied cities and the cooling contribution of the RCE is small in
comparison with the total heat to dissipate. The poor performance of humid climates and highly

demanding locations is also in agreement with the results of Fernandez et al. [19].

In Riyadh the size of the cold tank is significantly larger compared to other cities due to the sizing
criteria (Table 3). The added difficulty to cool down a large tank means that in Riyadh the system
is constantly working during the night (Table 5). In the rest of the cities, in the PL configuration,
the number of hours when the HP is working does not exceed 44% of nocturnal hours. In the IT
configuration, the cities of Lleida, Caracas, Chicago and Tokyo also work for the majority of the
night. We can see differences in the nocturnal behaviour of both configurations: in IT, the aim is

to maximize the operational time of RC in order to store the maximum cold in the intermediate
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tank. In PL the goal is to produce the required cold for the next day in the shortest possible time
in order to minimize the electricity consumption. Table 5 shows that the heat pump in the PL
configuration works most of the time in combination with radiative cooling, while the rest of the
time it works as a conventional HP. The above indicates that the sizing criteria used is appropriate

for this type of combined system.

Table 5. Summary of the number of working hours when radiative cooling is achieved and the heat pump is working.
Ratio between the number of hours when radiative cooling is achieved and the total amount of nocturnal hours in PL
and IT configurations, and ratio between the number of hours where the heat pump operates in combination with
radiative cooling in PL configuration.

Peak Load Shifting Intermediate Tank
Nocturnal HP ON RC hours / RC+HP hours / RC hours /
hours [h] [h] nocturnal hours HP hours nocturnal hours
ratio [%] ratio [%] ratio [%]
Lleida 879,00 381,00 37,82 87,25 90,34
Caracas 1092,00 217,25 15,15 76,14 93,29
Chicago 849,00 102,08 10,57 87,92 72,33
Denver 879,00 375,17 38,17 89,43 37,37
London 719,50 131,50 64,70 57,03 42,58
Ottawa 849,00 226,92 18,40 68,86 46,49
Riyadh 1001,00 998,25 95,30 95,57 95,19
Rome 849,00 430,67 43,95 86,65 61,86
Tokyo 910,00 335,58 30,96 83,96 78,85

In PL configurations, the COP of the whole system is higher when the heat pump works at night
combined with the RCE. When the tank no longer contains usable stored cold, and the heat pump
has to work during the day like a conventional heat pump, the performance worsens (Fig 12). The
biggest differences between nocturnal and diurnal operation are found in Riyadh (19.18%),
Caracas (16.23%) and Denver (16.51%), while the differences are lower in Lleida (5.58%) and
Tokyo (8.32%).
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Fig 12. Differences between the nocturnal and diurnal seasonal COP of the Peak Load Shifting configuration

In Table 6 it is presented the average difference between the outlet temperature of the RCE and
the ambient temperature when the RCE operates in radiative cooling mode. In the PL
configuration, water cannot reach sub-ambient temperature at the outlet, while in all the IT

simulations, at the outlet of the RCE, the water is at a colder temperature than the ambient.

Table 6. Average differences between the temperature at the outlet of the RCE and the ambient temperature. In the
Intermediate Tank configuration, sub-ambient temperatures are reached at the output of the RCE.

City Peak Load Shifting Intermediate tank
Lleida 3.41+0.33°C -0.28 £ 0.33°C
Denver 2.24 +0.25°C -0.10 £ 0.27 °C
London 1.28 £ 0.29 °C -0.52 £ 0.36 °C
Rome 2.53+0.34°C -0.70 £ 0.59 °C
Caracas 3.27 +0.36 °C -0.31+0.48°C
Chicago 2.76 £0.38 °C -0.26 £ 0.42°C
Ottawa 2.86 + 0.35°C -0.36 £ 0.38 °C
Tokyo 2.72+0.26 °C -0.25 £ 0.28°C
Riyadh 4.96 + 0.50 °C -0.04 £ 0.53°C

In the PL configuration, the flowrate through the RCE is determined by the condenser’s flowrate
of the heat pump. In the IT configuration, the radiative cooling flowrate is decoupled from the
heat pump flowrate, so that a lower flow can be selected, which allows a higher difference
between RCE’s inlet and outlet temperatures. In both combined systems the average inlet
temperature at the condenser is lower than in the reference configuration (HP Alone) (Table 7),
reaching a higher COP.
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Table 7. Average inlet temperature at the condenser of the water-water heat pump

City HP Alone Peak Load Shifting Intermediate tank
Lleida 33,73 +3,57°C 28,47 + 3,83 °C 27,08 +5,22 °C
Denver 33,22 +4,59 °C 23,33 +3,56°C 25,87 +5,24 °C
London 25,33+3,299C 20,81 +4,57°C 19,96 + 3,70 °C
Rome 30,64 + 2,18 °C 25,32+ 2,67 °C 26,41 +3,62°C
Caracas 32,43+2,05°C 29,92 +1,49°C 31,81 +2,83°C
Chicago 31,70 + 3,65 °C 27,31+3,74°C 27,86 + 4,94 °C
Ottawa 28,21 +3,62°C 24,11 + 4,62 °C 22,14 +5,18°C
Tokyo 30,76 3,21 C 26,56 + 3,10 °C 26,72 +4,56 °C
Riyadh 45,08 £ 4,37 °C 38,65 + 3,87 °C 45,03 £ 3,97 °C

5.1.2. Efficiency of the RCE

Fig 13 shows the average radiative cooling power achieved in the fluid (defined by the
temperature change between the inlet and outlet of the RCE) and the net radiation balance in the
surface (defined by the surface temperature of the RCE and the absorbed infrared radiation from

the atmosphere).

The power potential in the surface in both configurations present similar trends. It is observed
that in the PL configuration the radiative cooling power achieved is higher than in the IT
configuration. The average efficiency of the RCE in radiative cooling mode, defined as the ratio
between the achieved power and the potential power, is higher in the peak load shifting
configuration (36-74%) than in the intermediate tank configuration (17-40%) (Fig 14).

The power achieved is influenced by the flowrate inside the RCE, the working temperatures the
time of operation and the total amount of hours of operation. Each configuration has a different
control (section 3.1) resulting in a different operation for each case. It makes it difficult to compare
the efficiencies of the systems directly. The results shown in Fig 13 should only be used as an
illustration of the performance but not as a proof that PL configurations are more efficient than

IT configurations.
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Fig 14. Average seasonal efficiency of the RCE operating in radiative cooling mode.

5.1.3. Energy Savings

Energy savings in the electricity consumption of the active elements, during the months of
summer (June-August), of the different systems are presented in Fig 15. Results show energy
savings from 3% up to 20% in all the configurations except from PL systems in Caracas, where
the it requires 118.27 kWh more than in the reference case. There is not a big difference between
PL and IT configurations in Tokyo, London and Ottawa. The biggest difference between the
energy savings in the two configurations are found in Riyadh (PL) and Rome (IT) (5.4 and 2.5
times higher, respectively). It is notable that, in Riyadh, a small improvement in the coefficient
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of performance translates into big energy savings. Denver and Lleida also present energy savings
close or higher than 100 kWh in both configurations.

IT configuration and the configuration by Fernandez et al. [19] make use of a tank between the
radiative cooling loop and the demand loop. However, the present simulation predicts lower
electricity savings than in Fernandez et al. The biggest difference comes from the capacity to
generate daytime radiative cooling in Fernandez’s model. The savings obtained in Riyadh in PL
configurations are comparable with the electricity savings predicted by Goldstein [22], as both
Riyadh and Las Vegas correspond to hot desert climates in the Képpen-Geigger classification
(BWHh). In this case, the peak-load shifting configuration can be assimilated to Goldstein’s
configuration, as in both systems the radiative cooling panels are directly coupled to the condenser
of the heat-pump. The energy savings in Riyadh obtained in this study (12%) are lower compared
to those obtained by Goldstein in Las Vegas (21%). The greatest energy savings in Goldstein’s
study, compared to the present ones, is due to the capacity of Goldstein’s model to produce
daytime radiative cooling. This suggests that an all-day radiative cooling system is a better option
to meet the cooling demands when combined with a heat pump. Nevertheless, an all-day radiative
cooler doesn’t have the capacity to achieve solar heating, not being able to fulfil the DHW
demands. This is later studied in section 5.2.
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Fig 15. Electricity saved in two RCE+HP configurations: peak load shifting configuration (PL) and intermediate tank
configuration (IT). The bars represent the total amount of energy saved (in kWh) and the dots represent the
corresponding percentage (%).

5.2.Heat Production

Due to the dual functionality of the RCE both proposed configurations incorporate the possibility
of achieving solar collection during the day. The tank stores energy between 40-60°C which is

used to meet the DHW demands of the building. Table 8 summarizes the average temperatures
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achieved in the tank at the end of a day of solar collection. The behaviour in both systems is
similar and the small differences are due to the differences in the inertia of the RCE when
switching from cooling mode to solar collection mode.

Table 8. Average temperature of the DHW tank at the end of the day in the different improvement configurations
proposed during the months of summer (June — August).

Average DHW tank temperature
[2C]
PL IT
Caracas 52.57 52.01
Chicago 49.85 49.95
Denver 50.7 50.33
Lleida 51.52 51.70
London 49.75 50.10
Ottawa 49.71 50.65
Riyadh 51.6 51.12
Rome 51.12 51.29
Tokyo 50.52 51.54

Diurnal average solar collector efficiencies of 33%-49% are achieved in the RCE panels (Fig 16).
Only in London, the system operates in more than 50% of the available hours for solar collection.
In the other studied cities, the results show an underutilization of the solar system. In the case of
Lleida, for example, the energy stored for one day is used to cover DHW demands for the next
three days (Fig 17). As it has been previously discussed, the 30 m? collection area are needed to
improve the performance of the heat pump in the radiative cooling mode, but they are excessive
to meet DHW demand of the building. This results, and the results discussed in section 5.1.3,
suggests that a collection field composed of all-day radiative coolers and less surface of RCE may

be optimal to meet both cooling and DHW needs.
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Fig 16. Efficiency of the solar collector (orange) and ratio between the operating hours and the solar collection hours
available (blue).
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Fig 17. Evolution of the DHW temperature (red) and the flowrate flowing through the RCE in solar collection mode
(orange) and radiative cooling mode (blue) in PL configuration (top) and IT configuration (bottom). Energy stored in
the hot water tank during one day is used to cover DHW demands for the next three days. Case of Lleida.

6. Conclusions

The present research proved numerically that the use of RCE can achieve both solar heating and
radiative cooling functionalities during the hottest month of the year in different cities of the
northern hemisphere, corresponding to different Képpen-Geiger climate classification regions.
The cold generated demonstrated to be a useful heat sink for the condenser of a heat pump,
increasing its COP and, as a result, saving electricity. In this paper we proposed two possible
combinations of 15 RCE panels, corresponding to an emitting/collecting surface equal to 30 m?:
a peak load shifting configuration (PL), based on the direct coupling of the radiative cooling and
the cold production for consumption, and an intermediate tank configuration (IT) where both
productions are decoupled by means of an intermediate tank.

Both systems, despite being more complex in terms of the number of elements, improve their
performance compared to a reference case with a single heat pump. Intermediate Tank
configuration shows greater improvements of the performance of the heat pump in most of the
cities studied. Peak Load shifting configuration shows greater improvements of the whole system

in five cities. Cities with dry climate and middle or low cooling loads are the cities where the
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improvement of the system is greater (Denver, Lleida and Rome). Humid climates or climates

with high cooling demands performed worst.

On average, in IT configurations, sub-ambient temperature water is obtained at the outlet of the
RCE. Sub-ambient temperatures are not observed in PL configurations. The radiative cooling
efficiency in the RCE was higher in PL configuration (36-74%) than in IT configuration (17-

40%). However, the discussion revealed that the efficiencies can’t be directly compared.

The proposed systems allow to obtain hot water at a temperature between 40 and 60°C during the
day. The results show an underutilization of the facilities if they have to meet only DHW. In this
case the facilities only work between 4 and 49% of the available time, except in London (67%).

During these hours of operation, the performance of the RCE is 33%-49%.
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Chapter VI.  P3: Potential maps for combined nocturnal
radiative cooling and diurnal solar heating applications in

Europe

1. Introduction

Radiative cooling uses the outer space as a sink to dissipate heat from terrestrial bodies,
allowing to achieve sub-ambient temperatures in the surface of these bodies. In this thesis
it has been proposed to combine radiative cooling with solar heating process to obtain

both heat and cold in a single device.

Nevertheless, radiative cooling and solar heating power strongly depend on the
climatological conditions [14], [80]-[82]: for humid or cloudy regions, the heat rejection
capacity is lower. According to the previous literature, there exists a variability between

regions.

In Chapter V we have already seen that the improvement of the heat pump combined
with an RCE field is different in each of the analysed climates. In this paper, cities with

dry climates have been identified as the cities where the improvement was greater.

According to Vall and Castell [14], very little research has been conducted on evaluating
the radiative cooling power potential for various climates and regions; instead, the
majority of papers published in the literature evaluate the power potential in a certain
location. There was a need of a tool that could bring broader information of the potential
of this technology. This tool could become an aid to drive public policies on the usage of

renewable energies.

The potential of radiative cooling had already been evaluated in the United States [69]
and China [70] using geostatistical methods to obtain radiative cooling potential maps. In
Europe, the first attempt to evaluate the radiative cooling power potential was done by
Argiriou et al. [67] in 1992; in the research, authors estimated the nocturnal radiative
cooling performance of 28 locations of southern Europe. In 2021, Aili et al. [71] mapped

the average summer and winter potential worldwide; the researchers also crossed the

84



CHAPTER VI

o Potential maps for combined nocturnal radiative cooling

+
U

Universitat de Lleida and diurnal solar heating applications in Europe

cooling potential with the population density. However, the maps presented by Aili et al.

presented low scale resolution due to the size of the map.

There was still a need to evaluate the potential in Europe. Moreover, the potential of
combined technologies (RCE) had not been evaluated yet. Chapter VI presents nocturnal
radiative cooling and diurnal solar heating potential resource maps for contiguous Europe.
A methodology to combine both potential maps is presented and the most suitable regions

to apply both combined systems are identified.
2. Contribution to the state of the art

In paper P3, nocturnal radiative cooling source maps for power and energy potential are
presented for the first time in contiguous Europe. The maps were generated by Kriging
geostatistical interpolation using meteorological data from more than 1700 weather
station distributed all-over the region (Fig 19).

Fig 19. Distribution of the meteorological sample points.

The model was validated by means of a Leave-one-out-validation (LOOCYV). Coefficient

of determination (R?), root mean square error (RMSE) and normalized root mean square

error (NRMSE) were the metrics chosen to evaluate the performance of the interpolations.
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The results of the metrics are summarised in Table 1. R? presented values higher than
0.84 in all the cases while the NRMSE was lower than 7%. The models were
demonstrated to perform well and were suitable to predict solar heating and radiative

cooling potential in unknown locations.

Table 1. Performance of the Kriging models in radiative cooling and solar heating maps.

R2 RMSE NRMSE
RC - Power 0.84 2.43 W/m? 6.45%
RC - Energy 0.84 10.75 kWh/m?year 6.96%
SH - Power 0.98 7.64 W/m? 3.01%
SH - Energy 0.98 35.27 kWh/m?-year 2.73%

The paper proposed a suitability index (SI), based on the formula of eq.5 to combine
values of solar heating and radiative cooling production with different orders of
magnitude. Sl is used to identify suitable regions to apply RCE technologies.

Xyrc — Xrcmin Xsh — Xshmin
SI=< cwq + -w, |- 100

Xre,max — Xremin Xshmax — Xshmin

(®)
w;tw, =1
Where x,. is the predicted value of radiative cooling at a given location; x,¢ i, the
lowest radiative cooling observation; x;.. mqx, the highest radiative cooling observation;
Xgp s the predicted value of solar heating at a given location; xgp, i, the lowest solar
heating observation; xs; max, the highest solar heating observation; and w; and w, are
the weights factors for each functionality. In this study, weight factors were chosen to

have the same weight (w; = w, = 0.5).

Suitability Index could be mapped, and regions were filtered according to more or less
strict criteria both for power and energy. Fig 20 and Fig 21 are a sample of the SI maps

generated.
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Fig 20. Suitability Index (%) for combined radiative cooling and solar heating applications for different
power criteria. According to the criteria bright grey regions are not suitable for RCE applications. Zones
coloured in dark grey have been excluded in this research.
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Fig 21. Suitability Index (%) for combined radiative cooling and solar heating applications for
different energy criteria. According to the criteria bright grey regions are not suitable for RCE
applications. Zones coloured in dark grey have been excluded in this research.

The previous maps, which allow the characterization of the different zones, are a step
forward in the determination of the potential of RCE technologies. The maps can be used
as a tool for the generation of policies that allow a faster implementation of this type of

technology.
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3. Contribution to the objectives of the thesis

This chapter starts from hypothesis H3 and H4 and contributes to fulfil objective O4.

Kriging proved to be a reliable tool to predict the radiative cooling potential in Europe.

On average, the annual power potential in Europe is 50.24 W/m?, with peak values of
75.01 W/m?, and the energy potential is 212.21 kWh/m?.year. For solar heating, the
average annual potential is 225.08 W/m? and 1152.36 kWh/m?-year. After applying the
presented Sl index, the south was identified as the region in Europe where is more suitable

to use RCE technologies.
4. Contribution of the candidate

Roger Vila Mir6 was in charge of the conceptualization and the definition of the
methodology, the interpolation, the data validation and the analysis of the results. The

candidate also led the discussion of the results and the writing of the paper.
5. Journal Paper

This chapter was submitted to the journal Renewable Energy, published by Elsevier, and

it is currently under a peer-review process
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Abstract

Radiative cooling is a process by which a surface reduces its temperature by emitting thermal
radiation towards the outer space. Radiative cooling technology can be combined, in a single
device, with the existing technology of solar heating. A Radiative Collector and Emitter (RCE)
can produce heat during the day and cold during the night in order to supply both cold and heat
demands for temperature conditioning of spaces in a renewable way. The power generated by
these devices strongly depends on the weather conditions of the place where it is used. Based on
climatological data from 1791 weather stations in Europe, we predict the potential of power and
energy production using Kriging interpolations. Detailed prediction maps of solar heating and
radiative cooling potential are presented. Both potentials have been combined in order to obtain
suitability maps of the RCE technology. The maps reveal the south as the European region where
there is greater potential for the implementation of RCE technology.

Keywords: radiative cooling, solar heating, potential map, renewable energy, spatial
interpolation, Kriging, Europe.

1. Introduction

In recent years, technologies based on the phenomenon of radiative cooling (RC) are starting to
be considered as a renewable alternative, still under development, for the production of energy
for cooling purposes.

Radiative cooling is the natural process by which terrestrial bodies reduce their surface
temperature by emitting infrared radiation into the outer space, at a temperature of 3K [1]. All
bodies emit electromagnetic radiation whose characteristics depend on its temperature. The peaks
of radiation emitted by the terrestrial bodies (~ 300 K) fall in the wavelength range of 7-14 pm.
In this range, the Earth's atmosphere is highly transparent (known as the atmospheric window),
allowing the radiation to escape from the atmosphere and dissipate into the outer space [2].

Radiative cooling occurs when a positive imbalance exists between the emitted and the absorbed
radiation. Surface temperatures below ambient temperature can be reached as a result of this
imbalance. The thermal energy absorbed by the surface includes solar radiation, atmospheric
radiation, and parasitic losses (convection and conduction). This phenomenon occurs mainly
during clear nights, in the absence of solar radiation. However, in the last years, with the
development of new metamaterials — which can reflect more than 90% of solar radiation— it has
been possible to produce cold by radiative cooling during daylight hours [3]-[6].

Another research trend in the field of radiative cooling is the combination of RC technologies
with solar heating (SH) applications. Although heat production is an opposed functionality, as it
works in a different wavelength range (0.2-3 um), the operation is analogous to radiative cooling
[7]. Both functionalities lay in the same principle: the transfer of heat between a heat transfer fluid
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and a capturing/emitting surface. In the solar heating mode, the surface captures incident solar
radiation and transfers it to the heat transfer fluid; while, in the radiative cooling mode, the heat
transfer fluid transfers heat to the surface which emits radiation to the outer space. This
combination of functionalities allows to harvest both thermal energy demands on buildings and
industrial processes. Liu et al. [8] stated that the payback of this technology could be of a period
of 8 years.

In the literature, several experimental researches on the combination of radiative cooling and solar
heating can be found. In 1987 Matsuta et al. [9] designed a selective solar collector and sky
radiator with maximum heat fluxes of 610 W/m? of solar heating and 51 W/m? of radiative
cooling. Hu et al. [10] manufactured a combined system based on an optical selective surface.
Zhao et al. [11] designed a combined device that consisted of a transparent silica cavity, ultrapure
single-walled carbon nanotubes aqueous dispersion, a solar reflective film and deionized water.
An experimental proof of concept of a combined system by Vall et al. [12] demonstrated
diurnal/nocturnal efficiencies up to 49% and 32%, respectively. The combination of both
functionalities involves difficulties in the design of the working mode switching. To achieve this
switching Liu et al. [8] proposed a rotating device where the different functionalities are achieved
on the two sides of a flat surface. Vall et al. [12], [13] proposed an adaptive cover consisting on
a sliding glass cover and a fixed polyethylene cover.

Radiative cooling provides a low cooling power range: between 20 and 80 W/m?, with peaks of
120 W/m?. This powers fall one order of magnitude below the power obtained by solar collection
[14], [15]. The result of the radiation balance, both for radiative cooling and for solar heating,
depends on the optical properties of the capturing/emitting surface, as well as on the
meteorological conditions [16]-[18]. As a result of this last statement, the performance of a
radiative collector and emitter (RCE) varies with the location.

Determining the maximum potential of solar heating and radiative cooling, as a result of the
location, can be of great interest. The Global Solar Atlas is a well-known resource, developed by
Solargis and the World Bank that aims to provide access to solar resource and photovoltaic power
potential data globally [19]. The information of the Global Solar Atlas is presented in form of a
contiguous map. Similar maps have been developed for other regions such as America and the
USA [20], Europe [21] or Spain [22]. These maps are based on weather satellite measures [19],
[20], [22] or the interpolation of data from ground weather stations [21], [23], [24] . To interpolate
radiation data obtained from weather stations, Kriging is a recommended interpolator [21].

In the case of radiative cooling, Argiriou et al. [25] was the first to estimate the performance of a
nocturnal radiative cooling in 28 locations in southern Europe. In the last years this study has
been extended to bigger areas using geostatistical algorithms which have been used to map the
radiative cooling potential in unknown regions based on the potential in a known region. Chang
et al.[26] and Li et al.[27] used geostatisical interpolation methods to obtain radiative cooling
potential maps in China and USA, respectively. Vila et al. [28] compared the annual potential in
Europe of a night-time radiative cooling surface and an all-day radiative cooling surface. Finally,
Aili et al. [29] generated worldwide seasonal radiative cooling potential and global radiative
cooling potential per capita maps.

Resource maps for solar radiation that can be found in the literature are commonly used for the
identification of suitable locations for solar radiation implementation, as well as for the design of
solar systems. Similarly, radiative cooling maps can be found in the literature, which can help the
identification of suitable locations and the design of such systems. However, there is no attempt
in the literature to combine both solar radiation and radiative cooling maps in order to determine
the most suitable locations for a combined solar heating and radiative cooling (RCE) technology.
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The main objective and innovation of this work is to propose a methodology to generate combined
maps of radiative cooling and solar heating in order to identify the optimal regions in Europe with
higher potential production of the RCE technology. For such purpose, both nocturnal radiative
cooling and diurnal solar heating potential maps will be generated, based on Kriging
interpolations, as the two natural outputs of the RCE device.

2. Methods

To obtain potential maps for both radiative cooling and solar heating, the geostatistical Kriging
interpolation was used. Meteorological data from different weather stations in Europe were used
as predictors. After an initial process of preparing the data sets, Kriging predictions were assessed.
The performance of the model was estimated by means of a Leave-One-Out Cross-Validation
(LOOCV) study. The next sections describe the steps followed in the research which include the
data acquisition from European weather stations, the standardization of these data, calculation of
the radiative cooling and solar heating potential, the training and testing of the Kriging model, the
calculation of an index to combine both potentials, and the generation of the resource maps.
summarizes these steps.
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2.1. Data Acquisition

Weather data was obtained from the Meteonorm database. Meteonorm is a software that combines
global meteorological data, space interpolations and stochastic weather generation [30] to provide
access to typical years and historical time series.

Data corresponded to 1791 weather stations distributed in 46 European countries ( ). The
data used in the study belonged to the last set of measured data available for the year 2005. This
dataset collected hourly data for the 365 days of the year. Study variables included ambient
temperature, atmospheric infrared radiation and global horizontal solar radiation, relative
humidity, clearness of the sky or atmospheric pressure. Ambient temperature, global horizontal
solar radiation, relative humidity or atmospheric pressure were data measured at the weather
station while atmospheric radiation was calculated by Metonorm based on the Aubinet model
[31]. The datasets also provided geographic information (latitude, longitude and elevation) of
each of the weather stations.
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2.2.Fig 2. Spatial distribution of the weather stationsData Pre-processing

Data pre-processing and data cleaning, as well as statistical analysis and spatial predictions, were
done with Rstudio version 1.3. For geospatial predictions, the sp and gstat packages, available for
R, were used.

The pre-processing of the data includes the standardization of variables with characters, filtering
nocturnal and diurnal values and cleaning of NA and abnormal values. After the pre-processing
the data was divided into two new datasets, corresponding to nocturnal data or diurnal data.

To calculate the maximum potential at a given point, the commonly used premises ([25]-[29])
were assumed as follows:

- Results from the literature [12] demonstrate that radiative cooling powers are one order
of magnitude lower than solar heating ones. Thus, in this work the absorbing/emitting
surface was placed horizontally to maximize the infrared emission towards the
atmosphere.

- The absorbing/emitting surface behaved as a black-body surface (e, = a; = 1) in order
to maximize infrared emissivity during night, and maximize solar collection during
daytime.

- During daytime, infrared radiation emitted by the surface was totally blocked with a glass
cover, providing greenhouse effect, as commonly done in solar thermal collectors. Losses
related to the optical properties of the cover were neglected.

- Parasitic losses of conduction and convection were minimized (qcona = 9cony = 0)-

- The radiative surface is at ambient temperature.

2.2.1. Radiative cooling calculations

To calculate the radiative cooling power and energy, the nocturnal dataset of filtered data was
used. Under steady conditions, the nocturnal net radiative cooling power of a surface can be
calculated as a balance of the different incoming and outgoing radiations:

Qnet = 4s (Ts) - Qa(Ta) ~ Qcond ~— 9conv (1)

Where g is the emitted radiation power on a surface at temperature Ty, q,, is the radiation emitted
by the ambient at temperature T,, and q.onq and qonyy are the parasitic losses of conduction and
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convection. The units of power values are W /m? and temperatures are expressed in K. With the
assumptions in 2.2, Eg.1 is simplified and the maximum radiative cooling potential is expressed
as follows (Eq.2):

Qnet max,bb — 0T6? —ldatm = 0T6? —Lip (W/mz) (2)

In EQ.2 gnerpp represents the net balance radiation of the black-body surface, expressed in
W /m?; quem, the radiation emitted by the atmosphere and absorbed by the surface, expressed in
W/m?; o, the Stefan — Boltzmann constant, expressed in W/(m?-K*); and L, is the
atmospheric radiation according to the Aubinet model (Eq.3) [31], expressed in W /m?.

Lin = 094 + 12.6l0g (100 - e5) — 13 - KT, + 0.341(T, ¢ +273.15)"  (3)

Where ¢ is the Stefan-Boltzmann constant ( ; e, is the saturated vapour pressure (hPa);

)
m2.K4
KT, is the clearness index (-) and T, ( is the ambient temperature expressed in Celsius (°C).

Eg. 2 was used to predict the hourly potential of nocturnal radiative cooling. Only positive values
were used to predict the potential, corresponding to observations where radiative cooling could
actually be achieved. The average annual potential was calculated according to Eq.4, where n is
the total number of positive observations at each location.

(4)

X7 Qneton”
i 9net,
Qrc,annual = T (W/mz)

Every observation corresponded to a one-hour observation (t = 1 h). Thus, the energy produced
in a year was calculated as Eq.5.

_ Zln(qnet,bb-'- ' t) kWh (5)
€rcannual = 1000 m. year

2.2.2. Solar heating calculations

For solar heating calculations, diurnal dataset was used. Solar heating power was calculated
assuming that maximum solar heating power at a certain time corresponded to the Global
Horizontal radiation at that time. Only positive values were used in the calculation.

Annual average solar heating power potential and produced energy was calculated using Eq.6 and
Eq.7. GHR corresponds to the Global Horizontal Radiation value.

Y7 GHR ©)
9sh,annual = : n (W/mz)
Z?(GHR 1) kWh @)
Eshannual =000 <m2 ~year)

2.3.Training and Test Datasets

Diurnal and nocturnal datasets were randomly divided into two new subsets: training set and test
set. The training sets contained information from 80% of the locations and were used in the
construction of the interpolation models for each mode of operation (radiative cooling or solar
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heating). Test sets were used to evaluate the performance of each model. Fig 3 shows and spatial
distribution sample points used for the training and the test of the model.

Fig 3. Spatial distribution of the sample points used for the training set (left) and the test set (right). The points are
randomly distributed along Europe

2.4.Kriging Interpolation

Kriging is a method for predicting unknown values at different points based on known data [32].
In this study, Kriging was used as a geographic interpolation technique to generate continuous
radiative cooling and solar heating resource maps (spatial resolution of the pixel of 6 x 8 km).

The Kriging methodology functions as a linear regression applied to spatial data which is used as
regressor, Z(s), in order to predict a dependent variable, Z(s,), in a given point (Eq.8).

2(sg) = A9 Z(5) (8)

Weights (1) are determined as a function of the difference between the neighbouring values of
the different points of the sample. Kriging is considered to be a stochastic interpolation method
that, in addition to the prediction surface, also provides a measure of the reliability of the
predictions. The models trained by Kriging used the distance to the known points as the
independent variable. The dependent variables were the radiative cooling and solar heating power
potentials and energy potentials in each case.

2.5. Performance of the Model

To evaluate the accuracy of the Kriging model, predictions were made in the test dataset and the
results were compared with the observed values. The coefficient of determination (R?), and the
root mean square error (RMSE) and the normalized root mean square error (NRMSE) were
calculated (Eq.9) (Eq.10) (Eq.11).

2
R2=1— Zliv=1(Xi,m B Xi,p) (9)
= - >
i:1(Xi,m - Xavg,m)
p—" ) (10)
RMSE = NZ- (Xim — Xipp)
i=1
RMSE (11)

NRMSE =

Xmax,m - Xmin,m

Where N is the total number of locations; X; ,,, is the observed value of the sample; X;,, is the
value estimated in the model and X, ., is the average of the observed values at the weather
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stations. RMSE has the same units as the variable at interpolation while R? and NRSME are
dimensionless.

2.6. Suitability Index (SI)

We propose a methodology to combine values of solar heating and radiative cooling production
with different orders of magnitude. The suitability index is a qualitative value which allowed to
identify the adequate regions to apply RCE technologies.

To reduce the influence of the higher values of solar heating compared to those of radiative
cooling, feature scaling was applied to both solar heating and radiative cooling data. Feature
scaling (Eq.12) reduces all values into a range between 0 and 1. Both potentials can then be
weighted according to Eq.13.

X' = X = Xmin (12)
Xmax — Xmin
Xre = Xremin Xsh — Xsh,min
SI = < cwy + - w, |- 100 (13)
Xrcmax — Xre,min Xshmax — Xsh,min

where wy + w, =1

Where x' is the value of the variable after applying feature scaling; x is the predicted value x,,,;,
is the lowest predicted value and x,,,, is the highest predicted value. For radiative cooling
interpolations, x,.. is the predicted value and x,¢ yin and X, mq, are the minimum and maximum
predictions, respectively. In the case of the solar heating interpolations, xg, is the predicted value
and xgp, 1min aNd Xgp gy are the minimum and the maximum. The variables w; and w, represent
the weight that each interpolation has in the Sl index in a considered location.

3. Results and Discussion
3.1. Model validation
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The model validation was first conducted using the data of the test set, 20% of the data collected,
equivalent to 352 locations of the sample. Fig 4 shows the comparison between the predicted
values and the observed values of the test set. The coefficient of determination (R?) and the RMSE
are shown in Table 1. High values of the coefficient of determination indicate that the model is
able to explain a high proportion of the variability of the observations. The RMSE coefficient is
a measure of the accuracy with which the model predicts the response, low values indicate a
higher proportion. RMSE values are difficult to interpret without any reference, which is why we
also include the normalized RMSE value (NRMSE).
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Of the four cases, we observe that “RC - Energy” prediction performed worst. However, R?
presents high values in all the four cases, especially, the solar heating values which are higher
than 0.94. On the other hand, the NRMSE values are very low in solar heating predictions (less
than 3.01%), while for radiative cooling predictions they do not exceed 7% error. Therefore, the

models are accepted to be suitable for application in the prediction of solar heating and radiative
cooling potential.

Table 1. Performance of the Kriging models

R? RMSE NRMSE
RC - Power 0.84 2.43 W/m? 6.45%
RC - Energy 0.84 10.75 KWh/m?-year 6.96%
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SH - Power

0.98

7.64 W/m?

3.01%

SH - Energy

0.98

35.27 kWh/m?-year

2.73%

3.2.Radiative Cooling Resource Maps

Fig 5 shows the resulting resource maps — annual average power and annual energy produced —
of radiative cooling in Europe after the application of Kriging interpolation.
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Fig 5. Radiative Cooling resource maps in Europe: annual average power potential (left) and annual energy potential
(right). Horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and
south (34.60 N-43.46 N).

The potential cooling power in Europe of an RCE surface lays between 40-75 W/m?. The map is
divided into three regions: the southern region, which covers the area between parallels 34.60 N
and 43.46 N; the central region, which covers the area between the parallels 43.46 N and 53.55 N
and the northern region, which covers the remaining area between the parallels 53.55 N and 71.15
N. As described in [28] the region with the highest radiative cooling potential is the Southern
European region with areas where the average value can reach 75 W/m?, and never less than 48
W/m? (Table 2). Northern Europe, on the other hand, is the region with the least potential. In this
region the potential does not reach 50 W/m? per year. In central Europe, the potential ranges from
40.56 W/m? to 62.88 W/m?. The centre and north have similar average potential values (49.23
and 45.32 W/m?, respectively), while the average value for the southern region is 59.35 W/m?.

Table 2. Minimum, average and maximum values for the predicted average annual radiative cooling power potential.

Min [W/m?] Avg [W/m?] Max [W/m?]
Europe 40.01 50.24 75.01
North 40.01 45.32 48.54
Centre 40.56 49.23 62.88
South 48.60 59.35 75.01

Regarding to the annual cooling energy potentials that can be obtained in an RCE surface, Table
3 shows that the average value of energy potential that can be obtained in northern Europe is
194.33 kWh/m?-year, ranging between 166.98 kWh/m?.year and 209.05 kWh/m?-year; in central
Europe, it is 207.01 kWh/m?.year with valleys and peaks between 168.34 kWh/m?.year and
258.84 kWh/m?-year; and, in southern Europe, it is 248.08 kWh/m?-year ranging between 204.49
kWh/m?.year and 311.02 kWh/m?-year. Southern Europe is the region with the highest energy
potential of radiative cooling cold production. From [28] we know that in northern Europe there
are many more hours of operation of a radiative cooling system, as the nights are ostensibly longer
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for most part of the year, while the southern regions present shorter radiative cooling activity. We
have seen that the average annual power potential and the annual energy potential are higher in
the south rather than in the north. It can be concluded that longer number of hours does not mean
more energy produced., as the higher radiative cooling powers in the south, with shorter nights,
outperform longer nights in the north, but with smaller cooling powers.

Table 3. Minimum, average and maximum values for the predicted annual radiative cooling energy potential.

Min [KWh/m?-year] Avg [KWh/m?-year] Max [KWh/m?-year]
Europe 166.98 212.21 311.02
North 166.98 194.33 209.05
Centre 168.34 207.01 258.84
South 204.49 248.08 311.02

3.3. Solar Heating Resource Maps

Solar heating potential maps in Europe are shown in Fig 6. The maps show a clear decreasing
trend with latitude. The values of predicted solar heating power are an order of magnitude higher
than those produced by radiative cooling. The annual average power potential in Europe lays
between 126.66 W/m? and 376.77 W/m?, with an average score of 225.08 W/m? (Table 4). The
central and southern regions present average power potential above the average of the continent,
228.27 W/m? and 306.57 W/m?, respectively. The annual power in the northern region ranges
between 126.66 W/m? and 206.46 W/m?; the average potential is 166.28 W/m?, 58.8 W/m? lower
than the average of the continent.

Table 4. Minimum, average and maximum values for the predicted annual average solar heating power potential.

SH Power [W/m’] SH Energy [kWh/m’-year]
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Fig 6. Solar Heating resource maps in Europe: annual average power potential (left) and annual energy potential
(right). Horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and
south (34.60 N-43.46).

R
5 3

Min [W/m?] Avg [W/m?] Max [W/m?]
Europe 126.66 225.08 376.77
North 126.66 166.28 206.46
Centre 168.37 228.27 314.17
South 234.63 306.57 376.77

The average annual solar heating energy that can be obtained in Europe is 1152.36 kWh/m?-year.
In the centre of Europe, the energy potential is close to the average of the continent (1166.05
kWh/m?-year), while the northern region is below the average (849.66 kWh/m?-year) and the
south is above this value (1576.82 kWh/m?-year) (Table 5). In Turkey and Spain, most part of the
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country presents average values above 1800 kWh/m?-year; thus showing a strong availability of

this natural energy resource.

Table 5. Minimum, average and maximum values for the predicted annual energy solar heating potential.

Min [kKWh/m?-year] Avg [KWh/m?-year] Max [KWh/m?-year]
Europe 639.14 1152.36 1943.40
North 639.14 849.66 1074.06
Centre 851.22 1166.05 1624.39
South 1134.61 1576.82 1943.40

3.4. Discussion about the maximum potential

The maps presented in the previous sections represent the maximum radiative cooling and solar
heating power and energy that can be potentially achieved in an RCE. The real power achieved
by this technology will fall below these predictions. The difference between the maximum
potential and the achieved in the RCE depend on the designing of the RCE, which includes the
optical properties of its materials and the insulation of the device.

At the moment of writing this paper, the technology is still under the first stages of development
and there is still a lack of available data. However, from a study by Vall et al. [12], the
experimental results show that RCE presents average efficiencies of conversion of solar energy
equal to 49% during the day; and average efficiencies of conversion of radiative cooling equal to
32% during the night. The latter proves that the current technology is still far from reaching the
maximum potential presented in the previous maps.

3.5. Suitability index map

The combination of radiative cooling and solar heating resource maps has been done with the
application of the suitability index, described in section 2.6, to each point of the prediction maps.
As a result, the RCE technology’ suitability index maps are presented in Fig 7 and Fig 8. This
index ranks the regions in a range from 0 to 100, where O indicates zero suitability and 100
indicates a total suitability.

Fig 7 shows the value of the index under different criteria of solar heating and radiative cooling
power potential when considering the same weights ( w; = w, = 0.5). As an example, in the
second map the index has only been applied to those locations that meet the criteria that the
radiative cooling power is greater than or equal to 40 W/m? and the solar heating power is greater
than or equal to 170 W/m?. The grey areas are the regions which do not meet the filtering criteria.
Similarly, Fig 8 shows the suitability maps under different energy filtering criteria.

Power and energy suitability maps present similar patterns among them. One might think that,
using the power results, the energy maps can be directly obtained considering only the total night
and day hours for radiative cooling and solar heating, respectively. But as described in section
2.2.1 and section 2.2.2, for the calculation of each of the potentials, only the positive observations
of RC and SH power have been taken into account, which implies the discard of a series of
observations. For this reason, both power and energy maps are plotted.

In both Fig 7 and Fig 8 it can be found that the most interesting regions to apply the combined
technology of RCE are located in the south and the east of Europe. Of these regions, southern
Turkey and southern Spain have a score in the suitability index higher than 70% in all the defined
criteria. It is observed that, with a medium filtering criterion for radiative cooling production (45
W/m? and 185 kWh/m?) and solar heating (170 W/m? and 865 kWh/m?), the major part of the
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continent is suitable for the application of RCE technology. In these cases, some regions in the
north present low values but they are still suitable for the technology. If the criteria chosen are
more restrictive the suitable areas are displaced to the south. It is also noted under these restrictive
criteria, there is a small area in central Europe where it is still suitable to apply the technology.

A parametric study was done changing the weights from 0 to 1 in the Sl index. The results are
plot in the maps in . Increasing the weight of the radiative cooling potential (w,) slightly
diminishes the overall SI index. When the radiative cooling weight is lower than the solar heating
weight — meaning that low production of RC is needed in comparison to SH — the southern coastal
regions present high SI; when the radiative cooling weight is higher than solar heating weight, the
highest suitability is found in the south-east of Turkey.

These maps consider the potential production of cold and heat, but they do not consider the
difference in the energy demands due to the different climatology of each region. It is known, for
example, that the north of Europe [33], which presents low score in the suitability index, is a cold
region where there is low demand for refrigeration and high demand for heating, while southern
Europe needs higher cooling rates but lower heating demands. It is proposed, as a future work, to
cross the radiative cooling and solar heating resource maps presented here with the thermal energy
demands of each region, in order to identify which part of the thermal energy demands can be
covered by the RCE technology.

4, Conclusions

In this paper we have identified the areas of greatest potential for the application of the technology
of combined radiative cooling and solar heating for heat and cooling production, named Radiative
Collector and Emitter (RCE), in Europe.

Kriging interpolation of data from weather stations has proven to be a reliable tool to generate
potential power and energy resource maps for nocturnal radiative cooling and solar heating of a
horizontal RCE surface. The model has high performance values for both power and energy
production.

On average, the annual radiative cooling potential in Europe is 50.24 W/m? and 212.21
kWh/m?-year, and the solar heating potential is 225.08 W/m? and 1152.36 kWh/m?-year. This
potential was calculated assuming ideal conditions; in real applications, the performance of the
RCE will be lower and will depend on the design of the RCE. In both heat and cold production,
the southern region presents the highest potential while the north presents the lowest potential.

In the paper we have proposed a qualitative index to assess the suitability of the implementation
of this technology based on the potential production capacity. No major differences were observed
between the power and energy maps. Under restrictive criteria only the south and the east of the
continent is suitable for the implementation of RCE. With medium restrictive criteria, the majority
of the continent is suitable for the implementation. It has been proposed as future work to cross
the predicted values of energy production with the thermal energy demands in buildings in order
to identify the percentage of energy that RCE technology could cover.
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Chapter VII. P4: Mapping night-time and all-day radiative
cooling potential in Europe and the influence of solar

reflectivity

1. Introduction

In recent years the research in radiative cooling - thanks to the development of
metamaterials - has moved towards the production of all-day radiative cooling to fully
activate its potential to generate cold. In Chapter V it was showed that for nocturnal
radiative cooling mode a large RCE collecting surface is needed, while the RCE field is
underutilized during the production of DHW. New designs could be proposed in order to
adapt the production of cold or heat during the day, depending on the demand

requirements, while during the night it could work as a normal night radiator.

Chapter VI presents source maps of the potential of nocturnal radiative cooling potential.
Chapter VII, which presents paper P4, aims to go one step further and complementing
the previous maps with resource maps of the potential of all-day radiative cooling. The
paper provides a parametric study of the evolution of potential power and energy as a

function of the solar reflectivity of the radiator.
2. Contribution to the state of the art

The paper shows for the first time a comparison between the potential of nocturnal
radiative cooling and all-day radiative cooling in Europe, mapping both power and energy
(Fig 22 and Fig 23).
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Fig 22. Map of annual power potential (kWh/m?-year) of nocturnal radiative cooling (left) and
all-day radiative cooling of an ideal solar reflective surface (right). Horizontal red lines divide the
map into three zones: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and south (34.60 N—
43.46 N).
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Fig 23. Map of annual energy potential (kWh/m?.year) of nocturnal radiative cooling (left) and
all-day radiative cooling of an ideal solar reflective surface (right). Horizontal red lines divide the
map into three zones: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and south (34.60 N—
43.46 N).

The results show that shifting from nocturnal radiative cooling to all-day radiative
cooling, on an ideal surface, the increasing of the average annual power potential is
equivalent to 27.21%, while the increasing of the annual average energy potential is
equivalent to 126.65 %.

The parametric study shows the importance of the reflectivity. When the solar reflectivity
is equal to or below 50%, the emissive surface behaves like a nocturnal radiative cooler:
during the day the sunlight absorbed by the surface balances the radiation emitted by it
and the surface can no longer produce cold. Shifting from an ideal reflectivity of 100%
to a reflectivity of 90%, the energy potential dropped 28.45%. Today, materials with 99%
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reflectivity have been developed; these materials could show potentials close to the

maximum predictions shown in the paper.

The paper also presents an analysis of the potential disaggregated by region, showing that

southern Europe is the region where, on average, higher powers and energies can be

obtained compared to central and northern Europe. Table 2 and Table 3 show the

predicted results of the parametric study.

Table 2. Minimum, average and maximum values for each solar reflectivity. Potential

maps of RC power (W/m?).
Solar Reflectivity
Latitude Range 1 0.9 0.8 0.7 0.6 0.5
Min 4643 3631 3420 34.65 3509 35.82
Center  4346N-5355N  Avg 5869 4527 4131 4240 4334 44.12
Max 7308 56.17 5162 5381 5598 57.87
Min 43.82 3570 3378 3355 33.88 34.09
North 5355 N-71.15N  Avg 53.77 4376 3931 3959 39.95 40.23
Max 57.81 4800 4219 4225 4290 43.38
Min 56.36  42.23 40.80 4243 43.67 44.41
South 3460 N-4346 N Avg 7233 5433 49.84 5251 5372 55.05
Max 9401 7276 6224 6605 6716 69.14
Min 4382 3570 33.76 33,55 33.88 34.09
Europe 34.60 N-71.15 N avg 60.18 46.87 42.61 43.79 4459 4532
max 94.01 7256 6234 66.05 6716 69.14

Table 3. Minimum, average and maximum values for each solar reflectivity. Potential
maps of annual RC energy (KWh/m?-year).

Solar Reflectivity
Latitude Range 1 0.9 0.8 0.7 0.6 0.5

min 406.74 312.63 254.79 228.15 220.30 213.05

Center 43.46 N-53.55 N avg 514.16 396.23 309.89 278.54 263.55 254.74
max 639.71 493.03 378.74 333.92 322.46 317.90

min 384.08 313.42 25855 23297 221.06 213.08

North 53.55N-71.15 N avg 470.99 383.47 311.62 280.07 264.03 253.50

max 506.40 422.26 346.71 309.46 291.11 278.34

min 493.88 368.86 281.38 266.07 246.96 240.26

South 34.60 N-43.46 N avg 633.56 475.55 360.98 323.36 306.98 299.93

max 822.66 642.35 492.60 413.61 397.85 388.09

min 384.08 312.63 254.79 228.15 220.30 213.05

Europe 34.60 N-71.15 N avg 527.10 410.35 322.43 289.55 273.87 264.87
max 822.66 642.35 492.60 413.61 397.85 388.09
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3. Contribution to the objectives of the thesis

This chapter starts from hypothesis H3 and H4 and contributes to fulfil objective O4 and
05, proving a great improvement of the annual potential when shifting from a nocturnal

radiative cooling surface to an ideal all-day radiative cooling surface.

Paper P4 provides resource maps of power and energy for both nocturnal and all-day
radiative cooling. A parametric study of the potential was performed changing the
reflectivity to solar radiation, showing that for reflectivity values close to 50% the surface
behaves like a nocturnal radiator. It is also discussed that to fully take advantage of its
potential, reflectivity should not be lower than 90%. Finally, the south continues being
the region of Europe where the potential for all-day radiative cooling is greatest.

4. Contribution of the candidate

Roger Vila Miré was in charge of the conceptualization and the definition of the
methodology, the interpolation, the data validation and the analysis of the results. The

candidate also led the discussion of the results and the writing of the paper.
5. Journal Paper

This  chapter ~ was  published in  Atmosphere 12 (2021) 1119,
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Abstract: Radiative cooling is a natural process to cool down surfaces through the rejection of
thermal radiation using the outer space as a cold sink, taking advantage of the transparency of the
atmospheric windows (8-14 um), which partially matches the infrared radiation band. With the
development of new materials that have a high reflectivity of solar radiation, daytime radiative
cooling can be achieved. This phenomenon depends on the optical properties of the surface and the
local weather conditions. In this research, climatological data from 1791 weather stations were used
to present detailed nighttime and all-day radiative cooling maps for the potential implementation
of radiative cooling-based technologies. The paper offers a parametric study of the variation of the
potential as a result of decreasing the solar reflectivity. The results show that southern Europe is
the region with the highest potential while northern Europe holds more hours of available radiative
cooling. After varying the solar reflectivity from 1 to 0.5 the average power reduces from 60.18 to
4532 W/m?2, and energy from 527.10 to 264.87 kWh/ mz-year. For solar reflectivity lower than 0.5,
all-day radiative coolers behave as nighttime radiative coolers, but power and energy values improve
significantly for high values of solar reflectivity. Small variations of solar reflectivity have greater
impacts on the potential at higher reflectivity values than at lower ones.

Keywords: radiative cooling; nighttime radiative cooling; daytime radiative cooling; all-day radiative
cooling; cooling potential; potential maps; spatial interpolation; Kriging; Europe

1. Introduction

Radiative cooling (RC) is a natural cooling process already used in 400 BC in ancient
Iran for ice production [1]. In recent years it has experienced a new awakening. During the
1960s and 1970s the phenomenon began to be studied systematically [2,3]. However, it is in
this last decade, driven by the needs for a change in the model of energy production and
consumption, when technologies based on RC are positioned as promising solutions for
the production of clean and green energies for space cooling purposes.

Radjiative cooling is known to be the process by which a surface reduces its tempera-
ture through the emission of thermal radiation into the outer space. It benefits from the
high transparency of the atmosphere in 8-14 um wavelength range, named atmospheric
window, which partially matches the peak of infrared radiation emitted by terrestrial
bodies at ambient temperatures. This cooling process occurs when a net imbalance exists
between the emitted and the absorbed heat; solar radiation, atmospheric radiation and
parasitic losses (convection and conduction) also accounted for in this net balance. This
technique allows for achieving temperatures below ambient [4].

The first selective surfaces (also called emitters), emitting in the 8-14 um range, were
designed to achieve RC during night time [2,5]. In 1975, Catalanotti et al. [3] obtained
radiative cooling during daytime, but the performance was poor. Overcoming solar
radiation was a great challenge. In 2014, Raman et al. [6] demonstrated a temperature
drop—4-5 °C—below ambient under direct sunlight in photonic radiative cooling, which
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combined layers of SiO; and HfO; on top of a silver surface. The recent development of
new multilayer thin structures [6-8], porous polymers [9-11], nanoparticle materials [12],
metamaterials [13-16] and photonic crystals [17-19], allows the manufacture of selective
surfaces which emit only in the 8-14 um range while reflecting the incoming solar radiation.

Several authors have conducted simulation studies in order to predict the potential
of radiative cooling technologies. Vall et al. [20] modelled the behavior of a system that
combined solar collection and radiative cooling in order to determine the potential coverage
of cooling and DHW requirements in residential and commercial buildings under different
climates. Feng et al. [21] conducted a daytime RC simulation and experimentation and
evaluated the most significate variables and concluded that, in order to maximize RC,
ultra-low parasitic heat gains and maximum suppression of solar irradiance in the emitter
was required. Bijarniya et al. [22] studied the radiative cooling potential in various climate
conditions in five cities in India, and evaluated the performance of different RC systems
(ideal emitters, broadband emitters and selective emitters). Carlosena et al. [23] studied the
potential of daytime radiative cooling for mitigating the effects of urban heat islands and
performed simulations of different applications and locations for a total of 15 theoretical
materials and 7 existing materials used in emitters.

Prediction of radiative cooling potential in different areas could become an aid to drive
public policies on the usage of renewable energies. In 1992, Argiriou et al. [24] estimated the
sky temperature depression and the night time performance of a RC flat plate in different
countries in southern Europe, and concluded that southern Europe exhibited a promising
potential for a high application of this technology. Chang et al. [25] and Li et al. [26] used
geostatistical prediction tools to model and to obtain radiative cooling potential maps in
China and USA, respectively.

In this research we applied interpolation tools to generate annual nighttime and all-
day radiative cooling potential maps in Europe. A comparison of results between emitters
with different reflectivity in the solar range is also offered. We present twenty maps
corresponding to seven maps of annual power, seven maps of annual energy production
and six maps of percentage of RC hours over total annual hours.

2. Methods

The parametric study of the variation of the all-day radiative cooling potential in
Europe as a function of the reflectivity in the solar range of the emitter material was
conducted based on meteorological data measured in 1791 weather stations. Kriging was
the interpolation technique used to obtain radiative cooling maps.

2.1. Data Acquisition

The climatological data used was available in the Meteornorm database. Meteonorm
is a recognized software in the field of energy simulation of buildings and solar facilities.
The downloaded data corresponded to a total of 1791 weather stations distributed in
46 European countries. The distribution of these stations is shown in Figure 1. The data is
related to the last volume of measured data available in Metonorm for the year 2005. The
resulting dataset included information on weather variables recorded hourly for 365 days
of the year. Stored variables included ambient temperature, atmospheric IR radiation
and global horizontal solar radiation, relative humidity, clearness index of the sky and
atmospheric pressure. Ambient temperature, global horizontal solar radiation, relative
humidity, clearness index or atmospheric pressure are data measured at the weather station
while atmospheric radiation (L;,) is calculated based on the Aubinet model (1) [27]:

Liy = 0-[94 + 12.610g(100-e5) — 13-KT;; + 0.341-(T, + 273.15)]* )

where L;, is the atmospheric radiation (W/ m?); o is the Stefan—-Boltzman constant (W%z),

es is the saturated vapor pressure (hPa); KT; is the clearness index (-) and T, is the ambient
temperature (°C).
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Figure 1. Spatial distribution of the sample points.

2.2. Radiative Cooling Calculation

In the research, the following premises were assumed: the greatest potential of a
black-body surface (emittance of the surface (&) equal to one) (a) could be achieved by
minimizing the parasitic losses of conduction and convection, (b) while absorbed solar
radiation depended on the reflectivity of the surface. In this study, ¢ is equal to 1 and
parasitic losses are neglected. In RC applications, the emitter surface temperature is close
to ambient temperature; in this case it was assumed that (c) the temperature on the surface
was equal to ambient temperature. The net balance power per surface unit at each location
was calculated (2).

Buetdeat(Ta) = 0T3 = Liy = (1= ) S (W/m?) @)

where p is the solar reflectivity of the emitter (-) and Sy corresponds to the global horizontal
solar radiation (W/m?).

Only positive values of Equation (2), corresponding to observations where radiative
cooling occurred, were filtered. The average annual RC potential at each location was
calculated according to (3) where 7 is the total number of positive observations:

PER
Greang = 21 qn:,zdeul (W /m2> (3)

Every value from Equation (2) corresponded to a one-hour observation (t = 1 h). Thus,

allowing us to calculate the RC annual energy (6):

n ot
ere = Li q’i‘f(t)'(’)dé”l <kr‘;1v2h-year> 4)

Finally, a third value was included (5). This value referred to the number of observa-
tions where radiative cooling was achieved (N [qnetridmﬁ] ), compared to the total number
of observations (8760).

N (qnet,ideul +)

coverage =
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2.3. Training and Test Datasets

Data was divided into two subsets: training set and test set. The training set contained
information from 80% of the locations and was used in the construction of the interpolation
model for each value of p. Test set data was used to evaluate the performance of each model.

2.4. Interpolation Kriging Model

Kriging is a stochastic interpolation method for values prediction at different points
from known reference values. In the study we used the most general version of the
methodology, ordinary Kriging, which decomposed the regressor into a stationary part (u)
and a residual (¢'), corresponding to the spatially correlated part (6) [28]:

Z(s) = p+¢(5) ®)

This method worked as a linear regression applied to spatial sample data which was
used as regressor, Z(s), in order to predict a dependent variable, Z(sp), at a given location
(7). The weight given by the model to each of the points in the sample was determined by
a variogram function (8).

Z(s0) = AoZ(s) 7)
Y(s1—=51) . v(s1—54) 1 v(s1 —s0)
. , . 1 :
: . : Ay — : (8)
Y(sn—s1) o YGu—sn) 1 ’ Y(sn — s0)
1 ... 1 0 1

where Ay is a vector of Kriging weights, n the number of sample points and 7 is
the semivariance.

The semivariance of the sample was calculated for each pair of points from (9), where
Z(s;) is the value of the target variable at the point s;, Z(s; + h) is the value of the neighbor
point at a distance s; 4+ h and E corresponds to the expected value. A theoretical variogram
was adjusted to the variogram so that the error of the fitting was minimum.

1

(h) = 5 E[(Z(si) = Z(si + 1))’] ©)

2.5. Assessment Metrics of the Model

Radiative cooling values were predicted using the test set locations in the Kriging
model. These predictions were compared with the existing potential values at these
locations. In order to evaluate the accuracy of the model, the coefficient of determination
(R?) and the root mean square error (RMSE) were calculated (10) and (11):

ZZIL (Xi,m - Xi,p)2

R2=1- (10)
le'\il (Xi,m - Xm,m;g)z
1Y 2

RMSE = | 7 Y~ (Xim — Xi) (11)

i=1

where N is the total number of locations; X; ,, is the observed values of the sample; Xipis
the value estimated in the model and X ¢ is the average of the observed values at the
weather stations. RMSE has the same units as the variable at interpolation (power, energy
and coverage) while R? is dimensionless.

3. Results and Discussion

In the first part of this section we present a comparison of the prediction maps for the
cases of nighttime and all-day RC of an ideal reflective surface (o = 1). In the second part we
determine the changes that occur when varying the value of surface reflectivity in all-day
RC. In both sections the performance of the interpolation models used has been evaluated.
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3.1. Nighttime and All-Day Comparison

Figure 2 shows the annual potential maps of radiative cooling for night and ideal
all-day cases. The maps were divided into three regions: south, center and north.

RC .average power potential [W/m?]

+ [ | ,.

Figure 2. Map of annual average power potential (W /m?) of nighttime RC (left) and all-day RC of
an ideal solar reflective surface (right). Horizontal red lines divide the map into three zones: north
(563.55 N-71.15 N), center (43.46 N-53.55 N) and south (34.60 N—43.46 N).

In all-day applications, the potential RC was greater than in night applications. On
average in Europe, the change to all-day applications represented an increase of 27.21%
(from 47.30 to 60.17 W/m?). The all-day map presented more diversification of the values
with respect to the night map (in all-day the range is 43.82-94.01 W/m? and in nighttime,
35.14-71.34 W/m?).

It was observed that the regions with the greatest potential were located in the south
of Europe (57.36 W/m? in nighttime map and 72.33 W/m? in all-day), in the Mediterranean
basin, especially the cases of Turkey, Spain and Greece. These results were consistent with
the findings of Argiriou et al. [24]. The areas of least potential were in the northern countries
(41.51 W/m? in nighttime map and 53.77 W/m? in all-day) where the temperature is lower.
The average potential in the central zone was 46.48 (nocturnal) and 58.69 (all-day) and they
are values comparable to those in the north but with a wider range of variability (Table 1).
In these cases, the performance of the surface is only influenced by the temperature and the
atmospheric radiation and the results are coherent with the climatology of Europe where
the ambient temperature decreases with the latitude.

Table 1. Minimum, average and maximum annual average power potential of the different zones

of Europe.
RC Power (Nighttime) RC Power (All-Day)
. min avg max min avg max
Latitude Range /2y (Wim?) — Wim?)  (Wim2)  (W/md)  (W/m?)
Center 43.46 N-53.55 N 37.95 46.48 60.11 46.43 58.69 73.08
North  53.55 N-71.15N 35.14 41.51 45.31 43.82 53.77 57.81
South  34.60 N-43.46 N 46.67 57.36 71.34 56.36 72.33 94.01
Europe 34.60 N-71.15N 35.14 47.30 71.34 43.82 60.17 94.01

Annual energy potential maps are shown in Figure 3. The night map presented
homogeneous values with minimal differences between regions. In the all-day predictions
there was an average increase of 114% (124% in the south, 116% in the center and 108% in
the north) of the available annual energy potential: the average was 245.76 kWh /m?-year
in the night case and 527.1 kWh/m?year in the all-day case. This means that only during
daytime can 281.34 kWh/m?-year be produced. In all-day applications, southern countries
can radiate, on average, 633.56 kWh/ mz-year; center countries, 514.16 kWh/ mz-year; and
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northern countries, 470.99 kWh/m?-year (Table 2). On average, nighttime RC was achieved
in 59.6% of the annual observations.

zzzzz

[kWh/m?-year]

RC annual energy potential

Figure 3. Map of annual energy potential (kWh/m?-year) of nighttime RC (left) and all-day RC of
an ideal solar reflective surface (right). Horizontal red lines divide the map into three zones: north
(53.55 N-71.15 N), center (43.46 N-53.55 N) and south (34.60 N-43.46 N).

Table 2. Minimum, average and maximum annual energy potential of the different zones of Europe.

Energy (Nighttime) Energy (All-Day)
Latitude Range min avg max min avg max
(kWh/m?-Year) (kWh/m?-Year) (kWh/m?-Year) (kWh/m?-Year) (kWh/m? Year) (kWh/m? Year)
Center  43.46 N-53.55 N 194.22 238.00 296.31 406.74 545.83 639.71
North  53.55N-71.15N 194.15 229.99 250.19 384.08 485.70 506.40
South  34.60 N-43.46 N 231.12 283.07 352.59 493.88 688.64 822.66
Europe 34.60 N-71.15N 194.15 245.76 352.59 384.08 559.47 822.66

Table 3 lists the values of the performances of the four models. In all cases, R?
presented high values (between 0.83 and 0.91), which indicates that the models collected
more than 83% of the variability of the sample data. In the energy models, the value of
RMSE presented values of one order of magnitude greater, in agreement with the values
of prediction.

Table 3. Performance of the nocturnal and all-day models.

Power Energy
Nocturnal All-Day Nocturnal All-Day
RMSE 2.28 2.46 12.38 21.58
(W/m?) (W/m?) (kWh/m? year) (kWh/m? year)
R? 0.89 (-) 0.91 (-) 0.83 (-) 0.91 (-)

3.2. Influence of the Solar Reflectivity on the Performance of a Radiative Surface
3.2.1. Average Power Potential

The annual RC power potential maps in Europe are displayed in Figure 4 for each
value of reflectivity. The reduction of the reflectivity affects the three regions equally (25%
reduction) but, in absolute values, the southern regions are especially penalized (average
power reduced by 17.28 W/m?). It is observed that the maps tend to homogenize results
throughout the territory as the reflectivity is reduced: the range of values (minimum to
maximum average power potential) diminished from 50.19 to 35.05 W/m?.
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Figure 4. Map of RC power potential (W/m?) for six values of solar radiation reflectivity.

Table 4 shows that the average value of the potential of RC power followed a de-
creasing trend for solar reflectivity from 1 to 0.8, while between 0.7 and 0.5 the potential
increased slightly; 0.8 being the value of solar reflectivity where the average potential was
minimum (42.61 W/m?). Between 1 and 0.8 a maximum difference of potentials occurred:
reducing the solar reflectivity from 1 to 0.8 caused a decrease of 29% in the potential of RC
power. Between 0.8 and 0.5, the potential increased 6.4%.

The explanation behind these results is due to the number of observations with which
the annual average is calculated. With the reduction of the reflectivity, the total number
of RC observations also decreases (see Section 2.2). To better understand this, Figure 5
is displayed. The figure shows the power calculated in each of the observations for the
month of February at the location of Batman. Observations that resulted in high power
values when p = 1 remained high when p = 0.5, while those observations with low power
decreased to the point of having negative values (red points) and were discarded in the
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calculation of the average. As a result, the calculation of the average for solar reflectivity
0.5 and 0.6 had few observations but of higher quality than for solar reflectivity 0.7 and
0.8. This phenomenon is a result of the different heat fluxes occurring during nighttime
and daytime RC. During nighttime RC, solar radiation is not present, thus solar reflectivity
does not play any role. However, during daytime RC, solar reflectivity has a significant
impact on the radiative balance. In Section 3.2.2. we discuss that most of the observations
of RC when considering a solar reflectivity of 0.6 and 0.5 are during nighttime, and thus
not affected by this parameter.

February

Batman Batman
=ik}

0 -.M\\;M\V& LY ,A.Né\l MHNM\’\'W\M&W

------------------ PR T
A R E T LA Y
Batman Baiman
e p=05
0-
*%5:..‘\,‘.\\'\\\\\, :\\\*\‘\ "o ﬂ\_l“} Fi"\.,‘:,\’"\\ \\, \\\\\ AN J\\ki
e i b R R T R
L CUHRRe I i it
'J' A "\ 'il"lilll N O | i |i l' :"‘
] 'l'ni [ | | i pl

Radiate Coole?

- g * Tes

Figure 5. Power potential for each observation in Batman during the month of February and for each value of solar reflectivity.
Blue points correspond to radiative cooling observations and red points correspond to solar heating observations. Red
observations were discarded in calculations.
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Table 4. Minimum, average and maximum values for each solar reflectivity. Potential maps of RC
power (W/ m?).

Solar Reflectivity
Latitude Range 1 0.9 0.8 0.7 0.6 0.5

min 46.43 36.31 34.20 34.65 35.09 35.82
Center  43.46 N-53.55 N avg 58.69 45.27 41.31 42.40 43.34 4412
max 73.08 56.17 51.62 53.81 55.98 57.87

min 43.82 35.70 33.78 33.55 33.88 34.09
North 53.55 N-71.15 N avg 53.77 43.76 39.31 39.59 39.95 40.23
max 57.81 48.00 42.19 4225 42.90 43.38

min 56.36 4223 40.80 4243 43.67 4441
South 34.60 N-43.46 N avg 72.33 54.33 49.84 52.51 53.72 55.05
max 94.01 72.76 62.24 66.05 67.16 69.14

min 43.82 35.70 33.76 33.55 33.88 34.09
Europe  34.60 N-71.15N avg 60.18 46.87 42.61 43.79 44.59 45.32
max 94.01 72.56 62.34 66.05 67.16 69.14

We did not observe significant differences in performance of the model for each
reflectivity value (Table 5). In all six cases, the values of R? were greater than 0.80 which
means that, in all the cases, the models could explain more than 80% of the variability of
the sample values. RMSE values were small, indicating that the models had good accuracy.

Table 5. Performance of the model of the potential maps of power for different solar reflectivity values.

Reflectivity R () RMSE (W/m?)
1 0.91 2.46
0.9 0.84 2.40
0.8 0.87 1.90
0.7 0.87 2.16
0.6 0.90 2.02
0.5 0.88 2.32

3.2.2. RC Activity

The maps in Figure 6 show the percentage of hours in a year that the emitter was
able to achieve radiative cooling (from now on we refer to this observation of net radiative
cooling as “RC activity”). When the reflectivity in the solar range is reduced, the material
decreases its behavior as a selective material: when it absorbed more solar radiation the
number of observations in which the surface was unable to do radiative cooling increased.
In these daytime observations the device was actually behaving as a solar thermal collector,
heating up the surface.

Contrary to what the power maps showed, the percentage of RC activity of the emitter
decreased as reflectivity decreased in the six cases (Table 6). For a reflectivity of 0.5, the
worst-case scenario, only in 67% of cases was radiative cooling achieved; the remaining 33%
were solar collection observations. Northern regions had more observations of radiative
cooling, in all the cases, which means more time available to perform radiative cooling,
than southern regions. In Section 3.1 it was pointed out that nighttime RC represented
59.6% of the RC activity in Europe, this means that only 7.47% of the activity occurred
during daytime when p = 0.5; 10.81%, when p = 0.6; 16.18%, when p = 0.7; 26.98%, when
p = 0.8; 40.29%, when p = 0.9 and 40.4%, when p = 1.
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Figure 6. Map of RC activity (%) for six values of solar radiation reflectivity.

The results of RC activity for p = 1 have not been interpolated by Kriging as a variability
in the values to be interpolated is required. For this case, all values were equal to 100% and
Kriging could not be performed. It was assumed that in unknown locations the RC activity
value was 100%.

The model for reflectivity 0.9 showed a low R? value and low RMSE. This model
could not reproduce much of the variability of the sample but it also gives low errors of
prediction. The range of the values of the sample was very small. For reflectivity values
below 0.9, the models presented good metrics of R?> and RMSE (Table 7).
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Table 6. Minimum, average and maximum values for each solar reflectivity. RC Activity (%).

Solar Reflectivity
Latitude Range 1 0.9 0.8 0.7 0.6 0.5
min 100 100 79.04 68.52 63.76 61.29

Center  43.46 N-53.55N avg 100 99.89 85.68 74.93 69.42 65.93
max 100 98.55 89.41 78.36 73.07 69.55

min 100 99.72 84.34 76.60 70.87 67.07
North 53.55 N-71.15N avg 100 99.96 90.42 80.53 75.21 71.66
max 100 99.99 94.48 84.12 78.33 74.53

min 100 99.03 72.35 64.03 60.55 58.43
South 34.60 N-43.46 N avg 100 99.78 82.50 70.25 65.08 62.07
max 100 99.96 90.32 73.37 67.73 64.50

min 100 98.55 72.35 64.03 60.55 58.43
Europe  34.60 N-71.15N avg 100 99.89 86.58 75.78 70.41 67.07
max 100 100 94.48 84.12 78.33 74.53

Table 7. Performance of the model of the potential maps of RC activity for different solar reflectiv-

ity values.
Reflectivity R% () RMSE (-)
0.9 0.25 0.19
0.8 0.84 1.49
0.7 0.87 143
0.6 0.88 1.24
0.5 0.91 1.05

3.2.3. Annual Energy Potential

The maps in Figure 7 show the annual RC energy potential at each point in Europe. It
can be seen, again, that the regions of southern Europe are the areas with the highest energy
capacity for radiative cooling. For solar reflectivity values between 0.8 and 0.6, northern
regions present higher energy potential than central regions. In this range, although the
power potential in the north was lower than in the center (Figures 4 and 5), the north had
more time available to perform RC (Figure 6 and Table 6), resulting in higher values of
annual energy available.

The available energy was reduced by lowering solar reflectivity (Table 8). At low
reflectivities, maps presented a homogenization pattern. When solar reflectivity is equal
to 0.5 it behaves as a nighttime surface (when p = 0.5 it was able to provide, on average,
264.87 kWh/m?-year, while a nighttime surface was able to provide 245.76 kWh/m? year).
The largest differences in the average annual RC energy were observed between p = 1
and p = 0.8. In this range, the difference between average values in Europe was equal to
204.67 kWh/m?-year, and it was equal to 272.58 kWh/m?-year in southern Europe. In the
range of 0.8-0.5, the existing difference in the average was equal to 57.56 kWh/m?-year in
Europe. Between p = 1 and p = 0.8, the average annual RC energy reduction for Europe
was 38.83%, while between p = 0.8 and p = 0.5 it was 17.85%. Small variations in reflectivity
have a greater impact on the energy potential at high reflectivity values than at low ones.
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RC energy [kWh/m?.year]

Figure 7. Map of annual RC energy (kWh/m?-year) for six values of solar radiation reflectivity.

Southern countries were more affected by the reduction of p than northern and central
countries: differences in the average RC energy available between p = 1 and p = 0.5 were
333.63 kWh/m? year in southern regions, 259.42 kWh/m?-year in central regions and
217.49 kWh/m?-year in northern regions. The model presented a good performance in the

six cases (Table 9).

121



Atmosphere 2021, 12, 1119

13 of 15

Table 8. Minimum, average and maximum values for each solar reflectivity. Potential maps of annual
RC energy (kWh/m?-year).

Solar Reflectivity

latitude Range 1 0.9 0.8 0.7 0.6 0.5

min 406.74 312.63 25479 22815 22030 213.05

Center  43.46 N-53.55 N avg 514.16  396.23  309.89 27854 26355 254.74

max 639.71 493.03 37874 333.92 32246 317.90

min 384.08 31342 25855 23297 221.06 213.08

North 53.55 N-71.15 N avg 47099 38347 311.62 280.07 264.03 253.50

max 50640 42226 346.71 30946 291.11 278.34

min 493.88 368.86 281.38 266.07 24696  240.26

South 34.60 N-43.46 N avg 633.56 475,55 360.98 323.36 30698 299.93

max 822.66 64235 492.60 413.61 397.85 388.09

min 384.08 312.63 25479 22815 22030 213.05

Europe  34.60 N-71.15N avg 52710 41035 32243 289.55 273.87 264.87

max 822.66 64235 492.60 413.61 397.85 388.09

Table 9. Performance of the model of the potential maps of RC energy for different solar reflectiv-

ity values.
Reflectivity R () RMSE (kWh/m?-year)

1 0.91 21.58
0.9 0.83 21.34
0.8 0.81 16.24
0.7 0.74 16.04
0.6 0.81 13.30
0.5 0.78 13.82

4. Conclusions

In this article we presented the potential of implementing nighttime and all-day

radiative cooling technologies in Europe for different solar reflectivity values of the RC
emitting surface. Based on climatological data from weather stations and using Kriging
interpolation techniques, maps of annual potential for RC power, RC energy and RC
activity were displayed. The following conclusions can be drawn from the study:

Kriging is a good methodology to predict radiative cooling values from known clima-
tological data. The models presented high values of R? and low values of RMSE.
With the implementation of new materials, all-day radiative cooling can be achieved.
For solar reflectivity equal to 1, the shift from nocturnal to all-day radiative cooling can
improve the average potential power from 47.30 to 60.17 W/m?, with peak values of
94.01 W/m?. The average annual energy increases from 245.76 to 559.47 kWh/m?-year.
The areas with the greatest potential of implementation are the regions of southern
Europe. These regions present high values of power and energy potential.

Compared to the other regions, the north holds more hours of available radiative cooling.
The best performance, in all the three regions defined, is achieved when solar reflec-
tivity is equal to one. In order to minimize the solar radiation absorbed by the surface,
the reflectivity values in the solar range must be close to 1.

For solar reflectivity values below 0.5, the behavior of the surface can be assimilated
to a nighttime radiative cooler.

Annual energy and RC activity decreases with reflectivity, while average power
potential presents higher values in the 0.6-0.5 range for reflectivity, rather than in
the 0.8-0.7 range. This is a result of calculating the average powers using only the
observations where RC is achieved, and not for all the observations; for low solar
reflectivity values, RC observations correspond mainly to nighttime values where
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high-power values are obtained. On the contrary, for solar reflectivity values between
0.8 and 0.7, the same nocturnal RC values are achieved, as well as a higher number
of low-power daytime observations, thus reducing the average power. Finally, when
the solar reflectivity is equal to 0.9, diurnal observations present higher powers, thus
increasing the average power.

For low values of solar reflectivity, maps tend to show homogeneous patterns.

Small variations in solar reflectivity have greater impacts on the potential at higher
reflectivity values than lower ones: in the range of 1-0.8, the reduction of average
power potential is 29.19% and the annual energy is 38.83%.
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Chapter VIII. P5: Climate change influences in the
determination of the maximum power potential of radiative

cooling. Evolution and seasonal study in Europe

1. Introduction

Chapter VI and Chapter VII mapped out the potential for nocturnal and all-day radiative
cooling. However, in these potentials only present or past meteorological data is
considered. As it has been previously mentioned, the phenomenon of radiative cooling is

very dependent on the weather conditions.

In the context of climate change, which is already a reality today, the meteorological
variability associated with this problem may affect the potential of radiative cooling and,
therefore, its resilience over time. As an example, the Intergovernmental Panel on Climate
Change (IPCC) reports predict a rise in global ambient temperature. The fourth
assessment report (AR4) of the IPCC proposed different emission scenarios based on
carbon emissions [83]. In the case of scenario B1 (low emissions), it predicts an increase
of 1.8 °C; in scenario A2 (high emissions), an increase of 3.4 °C; and in scenario A1B

(middle emission), an increase of 2.8 °C.

In order to quantify how the global increase in temperature affects the potential of
radiative cooling (night and all-day) in Europe over the years, in this chapter, which
presents the article P5, the Kriging methodology - used in the chapters VI and VIl — was
applied to climate change projections between 2020 and 2050. These projections were

based on IPCC emission scenarios and were available in the Meteonorm database [74].

At the same time, the article mapped the potential for radiative cooling splitting in seasons
of the year, in order to identify which ones are more favorable to carry out radiative

cooling.

125



CHAPTER VIII

L Climate change influences in the determination of the maximum power

N

Universitat de Lleida potential of radiative cooling. Evolution and seasonal study in Europe

2. Contribution to the state of the art

To date, it has not been carried out in the literature a long-term analysis of the evolution
of radiative cooling potential in the context of climate change. The paper presents a total
of 40 radiative cooling resource maps: one for each year (2020, 2030, 2040, and 2050)
and climate change scenario (B1, A2, and A1B), and also seasonal maps for both night
and all-day radiative cooling. Fig 24 shows an example of the generated maps. The maps
could become an aid to drive public policies on the implementation and integration of

radiative cooling-based technologies.

Fig 24. Resource maps of the evolution of the all-day radiative cooling power potential (in W/m?)
under the context of climate change. Study of the scenario A1B proposed in the AR4 by the IPCC.
Black horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46
N-53.55 N) and south (34.60 N-43.46 N).
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The results show that between 2020 and 2050, the potential for radiative cooling remains
practically invariable. In the paper it is shown that infrared atmospheric radiation
absorbed by the surface increased; this increase compensates for the increase in upward
radiation emitted by the surface, so that the net balance remains more or less constant
during this period (Fig 25). With these results, we consider that RC technologies are
robust over time, so that they can contribute to meet the increasing cooling demands in
buildings in the short and long term.
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Fig 25. Evolution of the average ambient temperature (left) and atmospheric radiation (right)
under the three different IPCC scenarios (A1B, B2 and B1).

Lietal. [69] already evaluated the seasonal performance of radiative cooling in the United
States, and Aili et al. [71] compared winter and summer power potential all-over the word.
A seasonal study in deep was still missing for Europe. From the seasonal study, spring
became the season of the year where, on average, it had the highest nocturnal power
potential; while winter was the season where more energy can be dissipated by radiative
cooling, due to greater availability of night hours. In contrast, in all-day radiative cooling
applications, summer was the season where the potential for energy and power was
highest. In the summer, there is a higher production of cold by radiative cooling and it is
also the season when the cooling loads are higher. The above enhances the idea set out in
Chapter VI1I: to evolve towards an RCE capable of performing in either solar collection

mode or radiative cooling mode during diurnal hours, in order to use the maximum
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potential of this technology. In all seasons, as expected, the south was the region in

Europe with the greatest potential of radiative cooling.
3. Contribution to the objectives of the thesis

This chapter starts from hypothesis H3 and H4 and contributes to fulfil objective O4, O5
and O6, proving that the potential of radiative cooling is not affected by the evolution of
meteorological conditions due to climate change, and it remains practically invariable
between the period 2020-2050. This shows that radiative cooling is a resilient technology

over the years.

From the seasonal study, a subsequently relevant conclusion has been drawn, which is
that if the cold production is wanted to be coincident with the months of greatest cooling
demands, the shift to all-day radiative cooling is required.

4. Contribution of the candidate

Roger Vila Mir0 was in charge of the conceptualization and the definition of the
methodology, the interpolation, the data validation and the analysis of the results. The

candidate also led the discussion of the results and the writing of the paper.
5. Journal Paper

This chapter was submitted to the journal Renewable, published by Elsevier, and it is

currently under a peer-review process.
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Abstract

In the recent years, radiative cooling has emerged as a promising technology for space cooling
applications. Nevertheless, radiative cooling phenomenon is dependent on weather conditions and
it presents some performance limitations, meaning that the cooling capacity is limited in some
climates. In this study we analyze the evolution of the radiative cooling potential in Europe under
the context of climate changes. Radiative cooling potential maps for the period 2020-2050 are
provided. The results reveal that radiative cooling potential remains constant for this period,
evidencing a resilience of this technology during the following decades. We also provide a
seasonal study of the potential by regions. Summer, when cooling needs are higher, is the season
with the least nocturnal energy potential and the second with the highest nocturnal power
potential. Shifting to all-day radiative cooling, the energy potential increases by 1.64 in winter;

2.97, in spring; 4.03, in summer and 2.2 in autumn.

Keywords: radiative cooling, cooling potential, nocturnal radiative cooling, all-day radiative

cooling, renewable energy, Kriging, climate change, seasonal study, Europe
1. Introduction

Any surface at ambient temperature (~300K) emits infrared radiation, the majority of it in the
wavelength range of 8-14 um. The Earth's atmosphere is transparent into this range; this region is
known as the atmospheric window. This means that almost all the radiation emitted by bodies on
Earth can escape into outer space. This process, by which a body on Earth uses outer space - at a
temperature close to 3K - as an energy sink, is known as radiative cooling (hereinafter referred to
as RC).

Over the last decade, several authors have studied the integration of RC-based systems for space

cooling. At the beginning it was only possible to achieve RC during the night, in absence of solar
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radiation. New materials have been developed in the last decade which enable the achievement
of RC during daytime hours [1-4]. These materials allow to reflect most of the solar radiation
[5,6]. Other authors have studied the possibility of combining in a single device the features of
solar collection, for water heating, and nocturnal radiative cooling, for water cooling, in a single
device [7-9].

Radiative cooling is highly dependent on the weather conditions [10-12]. In the recent years, part
of the researches on radiative cooling focus on the evaluation of the radiative cooling potential in
various climates and regions. Vall et al. studied whether a combined system of solar heating and
radiative cooling can meet the demands of DHW and space cooling in hotels, residential and
commercial buildings in different climatic zones [13]. Li et al., using a deterministic interpolation
model, presented radiative cooling resource maps in the USA [14]. Chang and Zhang used a
stochastic interpolation model, called Kriging, to generate maps based on weather data from 351
stations in China [15]. Vila et al.[16] also relayed on Kriging methods to generate daytime and
night-time RC power and energy potential maps in Europe, based on data from 1791 weather
stations, and performed a parametric study in order to define the influence of the solar reflectivity
of the radiative surface in the determination of the maximum potential of RC. Aili et al. [17]
produced global maps of net cooling power density, showing an uneven distribution of the cooling
potential: the regions with the highest potential are uninhabited regions whereas dense areas

present a low cooling potential in the order of 10~10° Watts per capita (WpP).

However, all studies presented to date only consider current or past weather conditions. Since
radiative cooling is dependent on the climatology, changes in weather conditions must be
considered in order to determine the resilience of this technology in the upcoming decades.
Climate change has been predicted and is becoming a reality. In this context, the
Intergovernmental Panel on Climate Change (IPCC) report predicts a rise of global ambient
temperature. The fourth assessment report (AR4) of the IPCC proposed different emission
scenarios based on the carbon emissions [18]. In the case of scenario B1 (low emissions), it
predicts an increase of 1.8 °C; in scenario A2 (high emissions), an increase of 3.4 °C and, in

scenario A1B (middle emission), an increase of 2.8 °C.

In order to determine the affectations in radiative cooling potential due to the global increase of
the temperature, and whether radiative cooling-based technology are resilient to this variation, the
application of Kriging to climate forecasts data for the period 2020-2050 under different emission
scenarios proposed by the IPCC is performed in this paper in order to develop radiative cooling
potential maps for Europe for the next three decades and considering different climate change

scenarios.
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In Europe cooling requirements are higher in summer. Another goal of this study is to present
maps of RC potential in Europe in order to identify during which seasons of the year it is more

favourable to carry out radiative cooling.

This paper is a continuation of the research published by Vila et al. [16]. It presents power
potential and energy potential maps for the four seasons and for the scenario A1B between 2020-
2050. Maps for scenarios B1 and A2 are included in Appendix. The three scenarios present

similar trends and only scenario A1B is discussed.
2. Methods

In the study Kriging was used as a tool for spatially continuous prediction of the power and the
energy potential of radiative cooling in Europe based on data from known points. We define
radiative cooling potential as the maximum possible cooling rate assuming the best design
conditions, no heat losses and that the surface is at ambient temperature. The calculation
methodology used, further developed in the following sections, is based on that already applied
in the previous research [16]: obtainment of climatological data for different parts of Europe, then
calculation of the radiative cooling power and energy at these points, elaboration of the Kriging

interpolation model, validation of the model and prediction at new points (Fig 1).

RC - power
— potential
maps
Meteorological Data All-day/ Training
extraction. nocturnal/ Power & Energy - ot
1991-2010 & — seasonal __annual potential | T RC - energy
Scenarios A1B, A2, datasets calculations potential
B1 filtering maps
L Testset _ Interpolation

validation

Fig 1. Workflow followed to generate radiative cooling potential maps.

Data analysis and processing, as well as the Kriging interpolation, was performed using the
Rstudio, version 1.3. Sp and gstat packages, available for the R environment, were used in the

geospatial analysis.
2.1.Origin of climatological data and data pre-processing.

Climatological data from 1831 locations were obtained from the Meteonorm database [19]. A
total of thirteen different data sets were downloaded. The first corresponded to the data set for the
period 1991-2010, the most recent period of data stored in the database. The other twelve sets
corresponded to the forecasts for the years 2020, 2030, 2040 and 2050 under the climate change
scenarios A1B, B1 and A2 proposed by the IPCC in the fourth assessment report (AR4) [18].
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The data sets shared the same structure and included weather information, for each of the weather
stations, aggregated hourly for the 365 days of the year. The stored variables included ambient
temperature, atmospheric infrared radiation and global horizontal solar radiation, relative

humidity, clearness index of the sky and atmospheric pressure.

Data was classified by seasons. December, January, and February have been classified as winter
months; March, April, and May, as spring; June, July and August, as summer and September,

October and November as autumn.

Each of the data sets described was divided into two subsets. The first, the training set, contained
the observations corresponding to 80% of the points and were used for the construction of the
interpolator. The second subset was the test set; containing the remaining 20% points and was
used to evaluate the reliability of the predictions. The division process into the two subsets was

randomized.
2.2.Climate Change Scenarios

The fourth assessment report (AR4) of the Intergovernmental Panel on Climate Change (IPCC)
proposed different emission scenarios. The fifth evaluation report (AR5) presented new scenarios,
which were improved with respect to those of the previous report (AR4), considering more
ambitious concentration goals and wider assumptions about technology [20]. However,
Meteonorm database only presents AR5 scenarios’ data for large urban areas, which generated a
very small data set. This is the reason why this study relies on predicted weather data under three
emission scenarios (A1B, A2, and B1) from AR4 report. Scenario A1B predicts a future with
rapid economic growth- reducing the income per capita gap- and the introduction of new and
efficient technologies. Scenario A2 predicts high emission based in an independently operating
world with a constant increase of population. Scenario B1 predicts an environmental stability as
a result of a shift towards a global service and information economy and a reduction of material

consumption.
2.3. Radiative cooling calculations

The radiative cooling power is the result of the energy balance between the infrared radiation
emitted towards the atmosphere from a RC surface (g, (T,) in W /m?), the short wavelength solar
radiation (0.3-2.5 um) absorbed by the surface (qgun (Tsyn) in W/m?), the infrared radiation
emitted by the atmosphere and absorbed by the RC surface (qgem (Taem) in W/m?) and the
thermal gains/losses due to the convective (g qn, I W/m?) and conductive (qeong in W /m?)

thermal exchanges (Eqg.1 and Eq.2).

Qnet = 4s (Ts) — Gatm (Tatm) — Gsun (Tsun) ~ Qcond ~ 9conv (1)
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Qnet = <c:so-Ts - asgskyUTamb - (1 - psun) ’ gsunUTsun — Qcond — 9conv (2)

Where q,,.; is the net balance radiation expressed in W /m?; &, Esky and &g, represent the
emissivity of the RC surface, the sky and the sun, respectively; o is the Stefan — Boltzmann
constant, expressed in W /(m? - K*); ps.n is the reflectivity of the RC surface in the range of the
solar radiation wavelength, Ts, Tam, and Tsun are the temperature of the RC surface, the ambient
and the sun expressed in K, and q.onq and q.ony represent the convective and conductive

exchanges, expressed in W /m?2.

Eq.2 expresses the radiative cooling power as a function of the surface reflectivity in the solar
range. The literature points out that various researchers have developed metamaterials with
reflectivity values close to 1 [21-23]. In the literature it also can be found that the use of
windshields and convective covers enables the minimization of convective exchanges [24]. The
assumptions accepted to calculate the radiative cooling power, both for night-time and all-day

radiative cooling, are next listed:

a. The RC surface behaved as a black body (e,= a; =1).

b. The RC surface was made of a metamaterial with pg,,,= 1.

c. Parasitic thermal exchanges were minimized in the RC surface (qcona = 9conv = 0)-
- The device was thermally isolated (g.nq=0).
- The device had a convective cover (q.ony, = 0). Losses related to the optical

properties of the cover were neglected.

d. The RC surface was placed horizontally; all the emitted radiation was projected towards
the atmosphere. Infrared radiation absorbed by the device was coincident with the
atmospheric radiation.

e. Temperature of the RC device was equal to the ambient temperature (Ty,p)-

With these assumptions, the maximum net radiative balance of the RC device in each location of

the dataset was obtained as described in Eq.3:

Qnet,bb = O_T;mb —Qatm = O-T;mb —Lin (W/mz) 3

In EQ.2 gnerpp represents the net balance radiation of the black-body surface, expressed in
W /m?; qaem, the radiation emitted by the atmosphere and absorbed by the RC surface, expressed
in W/m?; o, the Stefan — Boltzmann constant, expressed in W/(m2K#*); Tams, the ambient
temperature, expressed in K; and L;,, is the atmospheric radiation according to the Aubinet model
[25], expressed in W /m?2.

Eq.3. was used to calculate the hourly radiative cooling potential. Then, two new datasets were

created: the first one, corresponding to night-time RC observations, where there were filtered only
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nocturnal observations where RC was achieved; the second dataset corresponded to all-day RC
observations. The annual average power on each point of the sample was calculated according to
Eq.4, where n is the total number of positive observations at each location.

(4)

n +
_ 2 Gnet,bb

Qrc,annual = T (W/mz)

Every observation corresponded to a one-hour observation (t = 1 h). The energy produced in a

year was calculated according to Eq.5.

_ X (Gneton” ) (_ kWh 5)
€rc,annual = 1000 2. year

2.4.Kriging Interpolation

To predict values in unknown locations based on values from known locations, in this research
we used Kriging methodologies. Kriging is a stochastic geographic interpolator, based on the
covariance of the sample points, which allows to generate continuous resource maps and, in

addition, it determines the reliability of the prediction [26].

The mathematical modelling of the Kriging interpolator was deeply explained in a previous
research we published [16]. To summarise it, the Kriging interpolator worked as a linear
regression applied to spatial data, used as regressor, Z(s), to predict a dependent variable, Z(s,), in
a given point (Eq.6). Weights (4,) were determined as a function of the difference between the

neighbouring values of the different points of the sample.
Z(s9) = 20 Z(5) (6)
2.5. Validation of the prediction

In order to validate the performance of the interpolation, the Kriging prediction model was applied
to the test set locations. We compared the values calculated at each of the points in the sample
with the value predicted by the Kriging model at these same points. Two metrics were used to
quantify the performance of the model: R? and RMSE (Eq.7 and Eq.8).

(X — Xi.p)z 7
Z?=1(Xi,m - Xavg,m)z

1V 2
RMSE = \/—Z (Xim — Xip)
N £ai=y

R*=1-

(8)
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Where N is the total number of locations; X; ,,, is the observed value of the sample; X;,, is the
value estimated in the model and X, is the average of the observed values at the location

points. RMSE has the same units as the variable at interpolation while R? is dimensionless.

3. Results and Discussion
3.1.Seasonal Study
3.1.1. Night-time results

Fig 2jError! No se encuentra el origen de la referencia. and Fig 3 show the seasonal
interpolation maps for nocturnal radiative cooling power and energy potential. The maps are
divided into three regions: the southern region (34.60 N - 43.46 N); the central region (43.46 N -
53.55 N) and the northern region (53.55 N - 71.15 N).

winter

B

spring

B

autumn

W/m?

Fig 2. Night-time radiative cooling power potential resource maps for the different seasons in Europe (in W/m?). Black
horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and south
(34.60 N-43.46 N).
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All the interpolations present a R? value above 0.73. The RMSE value is lower than 3.55 W/m?,
in the case of power; and lower than 4.91 KWh/m?-year, in the case of energy (Table 1). The

interpolations show off a good performance.

Table 1. Performance of the Kriging interpolations. Night-time evaluation.

Power Energy
R? RMSE R? RMSE
[1 | Wm] | [1 | [kWh/(m?year)]
Winter 0.77 | 3.06 | 0.80 3.86
Spring 075 | 259 | 084 2.44
Summer 091 | 355 | 0.87 4.91
Autumn 080 | 312 | 0.73 3.66

Spring is the season when, on average, a higher power is potentially achieved (52.72 W/m?),
closely followed by summer (52.46 W/m?) and, lastly, winter (49.17 W/m?) and autumn (47.78
W/m?) (Table 2). In the four maps (Fig 2) it is seen that the regions with the highest power
potential are located in the south; specially during summer in Spain and Turkey, where power
values higher than 100 W/m? can be achieved. The southern region holds higher variability among
seasons: between winter and summer a maximum difference of 15.89 W/m? is achieved in this
region. The northern and central regions exhibit lower variability: a maximum of 8.01 W/m? and

5.76 W/m?, respectively.
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Fig 3. Night-time radiative cooling energy potential resource maps for the different seasons in Europe (in
kWh/(m?-year)). Black horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46 N—
53.55 N) and south (34.60 N-43.46 N).

Table 2. Seasonal average night-time radiative cooling power potential (in W/m?) disaggregated by region and
season.

Centre North South Europe
Winter 4845+458 | 46.44+4.74  5450%+4.78 49.17 +4.68
Spring 52.38+£3.12 | 50.15+3.22 | 57.16+3.26 | 52.72+3.19
Summer | 50.66 £3.64 | 4255+379 @ 70.39+384 5246374
Autumn 46.62 £3.98 | 42.14+4.07 58.25+4.08 | 47.78+4.04

Regarding to the energy potential, Fig 3 shows the interpolated average energy production. Winter
is the season of the year when more energy from radiative cooling sources can be generated (68.96
kWh/m?-year). This result contrast with the prediction of power: winter is the second season with
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the lowest power potential. Similarly, although summer is the second season with the highest
radiative cooling power potential, the results show that it is also the season when, on average, less
radiative cooling energy can be generated (38.13 kWh/m?.year) (Fig 3). In Vila et al.[16] we
already analysed that a greater average power does not automatically translate into a greater
energy. This value depends on the number of hours available during which radiative cooling can
be achieved. During the summer, the days are longer and the nights are shorter, there are fewer
hours available for radiative cooling. To compensate this lack of available cooling energy in
summer months, a wise decision, proposed in this paper, is to move to all-day radiative cooling

systems and use this renewable resource 24 h a day.

The data disaggregated by regions indicates that in the north, during winter, it is when the most
energy can be produced on average (68.03 kWh/m?-year), while in northern Europe during the
summer it is when it can be produced the least (22.57 kWh/m?-year). The northern region presents
higher variability of energy between seasons. Between spring and summer, a maximum difference
of 52.49 kWh/m?.year is achieved in this region. Table 3 shows the summary of the average

annual energy potential by season and region.

Table 3. Seasonal average night-time radiative cooling energy potential (in kWh/(m?-year)) disaggregated by region
and season.

Centre North South Europe
Winter 64.44+6.13 75.06+6.34 68.03+6.35 68.96£6.25
Spring 49.01£2.87 42.12+296 55.30+298 48.09+£2.93
Summer  39.14+3.08 2257+3.12 59.39+3.13 38.13+3.10
Autumn 5437 +4.19  53.83+4.27 66.42+4.29 53.83+4.27

It is desirable that the seasons with the highest cooling demand coincide with the seasons with the
greatest nocturnal RC potential. During the warm summer months, high cooling demands are
expected; summer is the second season with the greatest potential in terms of power and the fourth
in terms of energy. However, in southern Europe, where cooling needs are higher than in the rest
of the continent [27], there is a coincidence, during summer, between the season with the greatest
needs and the one with the greatest power potential. This fact justifies the usage of RC-based
technology in these regions during the summer months. On the other hand, RC cooling potential
presents a drawback during summer in the centre and the north, where the potential is much lower.
Nevertheless, in these regions cooling needs are not as demanding and the lower powers can still
be used to compensate for a portion of the cooling needs. Seasonal cold storage with RC in winter
and spring months may be a good option as well for meeting the high summer cooling loads,

especially in southern Europe.
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This discussion suggests to adopt all-day radiative cooling-based technologies in order to benefit
from greater cooling power and energy. In the following section the all-day radiative cooling

potential is analysed for the different seasons.
3.1.2. All-Day Radiative Cooling

Similarly to the previous section, Fig 4 and Fig 5 show the seasonal interpolation resource maps
for all-day radiative cooling power and energy potential. The interpolations show a high
performance as prediction maps (Table 4), with values of R? higher than 0.78 and values of RMSE
lower than 10.56 kWh/(m?-year) for energy, and lower than 4.78 W/m? for power.

Table 4. Performance of the Kriging interpolations. All-Day evaluation.

Power Energy
R? RMSE R? RMSE
[-] [Wim?] [-] [kWh/(m?-year)]
Winter 0.80 3.562 0.78 7.98
Spring 0.78 3.02 0.78 6.67
Summer 0.90 4.78 0.90 10.56
Autumn 0.92 2.59 0.82 8.17

Table 5 summarises the average values of power potential and Table 6, the values of energy
potential. Summer and spring are the seasons when the all-day radiative cooling power potential
—on average in Europe- is higher (69.59 W/m?and 64.46 W/m?), while autumn and winter show
lower potential (54.49 W/m2and 52.24 W/m?). As it is expected, compared to night-time radiative
cooling results (section 3.1.1), seasonal power increased 6% in winter, 22% in spring, 33% in
summer and 14% in autumn. A maximum source power can potentially be achieved during
summer in the southern regions of the continent: 90.65 W/m? on average, with peak values of 136
W/m? in the south-east. On the other hand, during autumn in the north, minimum radiative cooling
power is observed (48.04 W/m?).

The energy potential also increases when shifting from night-time radiative cooling to all-day
radiative cooling applications. In all-day radiative cooling, the number of hours available to
perform radiative cooling no longer influences the season and the region, as all the hours of the
day are available to achieve radiative cooling. Summer and spring are the season when more
energy can be obtained. It is observed that, compared to night-time values, the average energy
potential highly increases in all the four seasons (129% in winter, 196% spring, 303% in summer

and 108% in autumn).
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Focusing in the southern regions in summer, where more cooling is demanded, the shift from
nocturnal RC to all-day RC systems multiples by 3.4 the cooling energy production potential.
This is a significant increase and a strong potential for air conditioning electricity savings and
summer electric peaks reductions and reinforces the proposed idea of moving to all-day radiative

cooling systems, taking advantage of this renewable resource 24 h a day.

Table 5. Seasonal average all-day radiative cooling power potential (in W/m?) disaggregated by region and season.
Centre North South Europe
Winter 51.22+5.05 48.04+517 60.30+519 52.24+5.12
Spring 63.82+3.22 61.44+3.33 70.80+3.36 64.46+3.29
Summer 66.60 £4.38 59.01+4.58 90.65+4.64 69.59 +4.51
Autumn 52.94+4.09 46.58+4.21 69.02+4.23 54.49+4.16

Table 6. Seasonal average all-day radiative cooling energy potential (in kWh/(m?-year)) disaggregated by region and
season.

Centre North South Europe
Winter 110.64 £10.91 103.77 £11.16 130.24 +11.21 112.84 +11.07
Spring 140.92 + 7.10 135.67 £+ 7.35 154.73 +7.41 142.32 £7.26
Summer 147.04+9.73  130.30 +£10.17 200.15+10.29 153.65 + 10.01
Autumn 115.73+8.73 101.47 + 8.83 149.57 + 8.84 118.69 + 8.79
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Fig 4. All-day radiative cooling power potential resource maps for the different seasons in Europe (in W/m?). Black
horizontal lines divide the map into three regions: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and south
(34.60 N-43.46 N).
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Fig 5. All-day radiative cooling energy potential resource maps for the different seasons in Europe (in kWh/(m?-year)).
Black horizontal lines divide the map into three regions: north (53.55 N=71.15 N), centre (43.46 N-53.55 N) and south
(34.60 N—43.46 N).

3.2. Evolution of radiative cooling under climate change

3.2.1. Radiative cooling power potential

Fig 6 and Fig 7 show the resource maps of night-time and all-day radiative cooling power
potential for the decades 2020-2050 under the climate change scenario A1B of the IPCC. For the
year 2020, the forecast of the average night-time is equal to 48.49 W/m?; 48.00 W/m?, in 2030
and 2040; and 47.71 W/m?, in 2050. Table 7 shows the annual average night-time power values
across the continent. Similarly, in Table 8, the average daytime values are presented. No
significant differences are observed in the decades analysed. To see better this phenomenon, the
boxplots in Fig 8 and Fig 9 are presented. In the boxplots the value of the 50% of the observations
are collected within the limits of the coloured boxes; the black horizontal line in each of the boxes

represents the median, while the black dot inside each box represents the mean value. The black
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dots outside the boxes represent atypical observations (outside the interquartile range). The graph
exposes that the distribution of data does not vary significantly between decades in any region.
The boxes show that the predicted values exhibit similar distribution: they have similar size and

the average and median values remain close during the decades.

2030

2050

W/m?

Fig 6. Resource maps of the evolution of the night-time radiative cooling power potential (in W/m?) under the context
of climate change. Study of the scenario A1B proposed in the AR4 by the IPCC. Black horizontal lines divide the map
into three regions: north (53.55 N—71.15 N), centre (43.46 N—-53.55 N) and south (34.60 N-43.46 N).

Table 7. Evolution of the annual average night-time radiative cooling power potential (in W/m?) disaggregated by
region. Study of scenario A1B of climate change.

Centre 4748 +3.44 4714+353 47.21+3.57 46.89+3.45
North 4464 +352 43.83+3.61 43.61+3.65 43.20+3.53
South 56.00+£3.53 55.70+3.62 5592+3.68 55.87+354
Europe 48.49+349 48.00+3.58 48.00+3.62 47.71+3.50
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Fig 7. Resource maps of the evolution of the all-day radiative cooling power potential (in W/m?) under the context of
climate change. Study of the scenario A1B proposed in the AR4 by the IPCC. Black horizontal lines divide the map into
three regions: north (53.55 N-71.15 N), centre (43.46 N-53.55 N) and south (34.60 N—43.46 N).

Table 8. Evolution of the annual average all-day radiative cooling power potential (in W/m?) disaggregated by
region. Study of scenario A1B of climate change

Centre 56.26 +2.94 56.02+3.09 5598+3.06 5592+3.18
North 5254+3.06 51.69+3.13 5150+3.11 51.13+3.22
South 68.58 +3.08 68.03+3.13 68.06+3.11 68.36+3.23
Europe 57.85+3.01 57.33+3.11 57.24+3.09 57.17+3.21
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Fig 8. Boxplot with average values of the evolution of the night-time radiative cooling power potential along the years
2020-2050 in the scenario A1B of climate change proposed in the AR4 by the IPCC.

The average night-time power is only reduced by 1.61% between 2020 and 2050, being this
reduction the greatest between 2020 and 2030 (1.01%). After disaggregating by regions, the north
is the region where the potential decreases the most between 2020 and 2050 (3.23%) while in the
south it only decreases by 0.23%; at the central region, the reduction is 1.24%. The values of R?
are higher than 0.75 while the RMSE is below 2.95 W/m? (Table 9).

Similarly, the average all-day power decreases 0.68 W/m? (1.18%) in the studied period; being
the north the region where the biggest reduction takes place (2.69%). The values of R? are higher
than 0.91 and the RMSE is lower than 2.22 W/m? (Table 9).

Table 9. Performance of the interpolations of the evolution of night-time and all-day radiative cooling power potential
between the years 2020-2050. Evaluation of the scenario A1B of climate change.

Night-time All-Day
R? RMSE R? RMSE
[1 | wWm? | [1 | [Wm7]
2020 | 0.82 2.52 0.91 2.22
2030 | 0.75 2.95 0.92 2.13
2040 | 0.86 2.36 0.92 2.17
2050 | 0.80 2.73 0.93 2.16
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Fig 9. Boxplot with average values of the evolution of the all-day radiative cooling power potential along the
decades 2020-2050 in the scenario A1B of climate change proposed in the AR4 by the IPCC.

In this section we have seen that, despite the increase of ambient temperature and the consequent
increase of the radiation emitted by a radiative cooling surface, it does not translate into an

increase of the radiative cooling power potential. In section 3.2.2 this effect is analysed.

The results are similar for scenarios B1 and A2, so they will not be analysed in this section and
we only offer the average value results in Table 10 and Table 11. The maps for these scenarios

can be found in Appendix.

Table 10. Evolution of the annual average night-time radiative cooling power potential (in W/m?) under different
climate change scenarios (A1B, A2 and B1).

48.49+3.49 48.00+3.58 48.00+3.61 47.71+3.50
A2 48.61+3.31 48.16+3.52 48.05+3.42 47.80+%3.27
Bl 48.57+3.34 48.08 £+3.50 47.92+3.34 47.92+3.34

Table 11. Evolution of the annual average all-time radiative cooling power potential (in W/m?) under different
climate change scenarios (A1B, A2 and B1).

57.85+£3.01 57.33%3.11 57.42+3.05 57.28+3.30
A2 57.93+£296 5754+3.06 5743+282 5724299
Bl 57.87£3.10 57.54+3.09 57.47+3.07 57.46%3.07
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3.2.2.  Evolution of the ambient temperature and the atmospheric radiation

We have applied Kriging interpolation to ambient temperature and atmospheric radiation
meteorological data. In the case of scenario A1B, the average temperature in Europe in 2020 is
9.52 °C, while in 2050, it increases to 10.73 °C. This increase of 1.21 °C does not translate, as
seen in the previous sections, into an increase of radiative cooling power. Conversely, during the
period analysed, the power slightly decreased.

In scenario A1B, the predicted infrared radiation from atmosphere in 2020 is 306.82 W/m?, while
in 2050, an increase to 313.80 W/m? is predicted. The increase of the emitted radiation of a
radiative cooling surface, due to the increase of the ambient temperature over the years, is
balanced by the consequent increase of the atmospheric infrared radiation absorbed by the surface.
As a result, the net balance remains almost constant during the studied period. The slight decrease
in the potential between 2020 and 2050 means that the increase of the atmospheric radiation
surpasses the increase of the radiation emitted by the radiative surface; the atmosphere becomes
more absorptive and emissive. Scenarios A2 and B1 present the same trend, as exposed in Fig 10,
which explains the almost constant radiative cooling potential among the decades studied in this
paper.
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Fig 10. Evolution of the average ambient temperature (left) and atmospheric radiation (right) under the three different IPCC scenarios
(A1B, B2 and B1).

4, Conclusions

In this article we have presented resource maps in Europe of power and energy potential of night-

time and all-day radiative cooling. In real applications, the performance of RC surfaces will fall
below these potential values.
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Kriging interpolation was used to predict values from known data. The interpolations performed
well in terms of high R? (the models collected and explained most of the variability of the data)

and low RMSE (the model gave accurate predictions).

For night-time applications, spring is identified as the season with the highest night-time
performance in terms of power (52.72 W/m? on average). However, in southern Europe, where
temperatures are warmer and there are more cooling requirements, the peak season occurs on
summer (70.39 W/m? on average). Winter is the season of the year when more radiative cooling
energy is produced (68.96 kWh/(m?-year)). Shifting towards all-day RC applications, summer is
the season that presents the highest potential both in terms of power and energy (69.59 W/m? and
153.65 kWh/(m?-year)); enhancing the idea of using all-day RC applications in order to expand
the full potential of this technology.

The study of the evolution of power and energy potential under climate change scenarios reveals
that between the period 2020-2050, radiative cooling rates will decrease slightly both in night-
time and daytime RC applications. Despite the increase in ambient temperature in all scenarios,
the consequent increase in atmospheric radiation is slightly greater than the radiation emitted by

the RC surface radiation.

However, as the radiative cooling potential remains barely constant during the studied period, we
can consider RC technology as a reliable and robust present and future renewable energy
technology, which can contribute to fulfill the increasing cooling demands in buildings, especially

if all-day RC systems are used.

The maps presented in this study will be a helpful tool in the decision planning to implement
radiative cooling technologies in Europe; especially in southern regions, where the greatest
potentials of RC can assist supplying, totally or partially, the cooling demand associated with the

warm climates of this region.
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Appendix

1. Nocturnal power potential resource maps evolution for scenario A2
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2. All-day power potential resource maps evolution for scenario A2
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3. Nocturnal power potential resource maps evolution for scenario B1
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4. All-day power potential resource maps evolution for scenario B1
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Chapter IX.  Conclusions and future research

1. Conclusions of the thesis

The present PhD thesis has presented different strategies to take profit of the cold

generated by radiative cooling in an innovative device, named Radiative Collector and

Emitter (RCE), capable of producing both cold and heat in a renewable way. During the

day the RCE is able to absorb solar radiation to heat up a heat transfer fluid, while during

the night it radiates energy to the sky at a wavelength between 8 and 14 um, allowing the

heat transfer fluid to cool down to sub-ambient temperatures. The thesis brings new

knowledge in the field of radiative cooling for space cooling, a field that is currently under

development, which is presented as a possible solution to current society’s energy

problems.

The major achievements of the PhD are the following:

A complete review of the state of the art of adaptive covers for combined radiative
cooling and solar heating systems. The review presents the main design solutions
for convective covers, with variable optical properties, in order to achieve dual
functionality (radiative cooling and solar heating) and reduce convection heat
losses. The main materials useful for this type of covers were also discussed.
The proposal of two different designs for combined RC and HP and the analysis
of their performance in a single-family house. Both designs were simulated and
their performance was compared to a reference case, showing and improvement
of the global performance and energy savings.

The development of theoretical resource maps of the maximum potential of
radiative cooling in Europe based on data recorded by weather stations across the
continent. These maps have been used to identify the most suitable areas and
seasons of year to use this technology. Maps have also proved the resilience of
this technology over the years in different climate change scenarios. A
methodology has also been proposed to study the combined potential of radiative
cooling and solar heating.
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The main conclusions from the second part of the thesis (convective covers) and the

literature review (Chapter 1V) are listed below:

There are two strategies to achieve the dual function of radiative cooling/solar
heating. The first strategy is to use adaptive covers on a black surface. The second
strategy is based on the use of a selective surface that can control the
emissivity/absorptivity properties in different wavelength ranges.

Adaptive covers provide an improvement over selective surfaces, they reduce
parasitic convective exchanges in sub-ambient radiative cooling applications.
Adaptive covers can be classified into two different types: exchangeable adaptive
covers, which use different materials, with different optical properties, depending
on the mode of operation, and smart material covers capable of changing their
optical properties.

The research carried out so far in the field of radiative cooling has not studied in
depth the improvement associated to convective covers, and is only presented as
a complement. While much of the effort is focused on manufacturing new
materials for the emitting surface. In solar heating, on the other hand, the
improvement due to the covers has been studied and glass has become a standard
material in commercial applications.

The covers used can be classified into polymeric covers, pigmented covers,
deposited films and non-polymeric covers (zinc and cadmium based).
Polyethylene covers are the most used in radiative cooling applications as they
present high transmittance in the atmospheric window and also have a good
transmittance to solar radiation. The constant exposure of polyethylene to solar
radiation causes structural disadvantages due to aging.

Pigmented covers and deposited film covers have low transmissivity in the solar
range so they are not suitable as covers for combined solar collection and radiative
cooling.

Non-polymeric covers made of zinc crystals have high transmittance in the
atmospheric window and medium transmittance in the solar, so they could be used
in RCE applications. These materials do not have the structural disadvantages of

polyethylene. These are expensive solutions.
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= There is not information in the literature of the application of smart chromic

materials in RC or RCE applications and more research should be done.

The conclusions derived from the review have confirmed the hypothesis H1. However, it
has not been possible to quantify the improvement due to the use of adaptive covers in
RCE applications. Finally, although different materials have been selected as RCE cover

candidates, structural problems are still a major issue.

From the third part of the thesis (Chapter V), related to the integration of RCE systems

with heat-pumps, the following was concluded:

= |t was proved numerically that RCE can both provide heat and cold during the
hottest months of the year in the northern hemisphere.

= The cold generated by the RCE during the night demonstrated to be a useful to
dissipate the heat produced in the condenser of a heat pump, increasing the COP
of the system and saving electricity.

= The two proposed designs for combining RCE and heat pumps (Peak Load
Shifting (PL) and Intermediate Tank (IT)) demonstrated to increase the
performance of the system in all the simulated cities (except in PL configuration
in Caracas).

= |n cities with dry climate and middle-low cooling requirements the improvement
of the system is greater (Denver, Lleida and Rome).

= Sub-ambient temperatures were achieved only in IT configurations.

= PL configurations present higher radiative cooling efficiencies in the RCE
compared to IT configurations.

* Insolar heating mode the RCE field is underused.

The conclusions derived from Chapter V have confirmed the hypothesis H2. The
combination of RCE with compression heat pumps showed and improvement of the
performance of this system. This chapter brings more knowledge on how to integrate

radiative cooling technology (in this case RCE technology) with energy systems.

156



CHAPTER IX

» Conclusions and future research

+
U

Universitat de Lleida

Furthermore, from the study of the potential of implementation of RC and RCE
technologies in the fourth part of the thesis (Chapter VI, Chapter VII and Chapter
VI1I1), using the Kriging interpolation methodology, resource maps for radiative cooling
and solar heating in Europe have been generated, and the areas of the continent more
suitable have been characterized. These studies concluded:

= Kriging is a good methodology to predict unknown power and energy, with high
values of R? and low RMSE values in Europe.

= The thesis proposes an index to combine both RC + SH maps. Under restrictive
criteria only the south and east of the continent are suitable for applying RCE
technology, while with medium criteria, the whole continent is suitable.

= The potential of radiative cooling is an order of magnitude lower than in solar
heating. The average annual nocturnal potential of radiative cooling in Europe is
50.24 W/m? and 212.21 kWh/m?, and the average annual solar heating potential
is 225.08 W/m? and 1152.36 kWh/m?.

= Spring is the season with the highest power (52.72 W/m? on average), followed
by summer (52.46 W/m?), winter (49.17 W/m?), and autumn (47.78 W/m?). In the
south the peak season occurs on summer (70.39 W/m? on average).

= Interms of energy, winter is the season with the highest nocturnal potential, while
summer is the season with the least potential. The results are influenced by the
number of night hours available in each season: in summer the nights are shorter
than in winter. The above suggests the use of all-day RC technology to boost its

maximum potential.

After studying the potential of all-day radiative cooling, the following conclusions were

drawn:

= The best performance is achieved when solar reflectivity is equal to one.
= The maximum potential increases when switching from nocturnal to all-day
radiative cooling:
o On average, the energy potential can increase 127% in Europe.
o Summer is the season of the year with the highest power potential (65.59

W/m? on average) and energy potential (153.65 kWh/m? on average) while
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in winter the potential is lower (52.24 W/m? and 112.84 kWh/m? on
average).
o Energy potential increases in all seasons: 1.64 times in winter; 2.97, in
spring; 4.03, in summer; and 2.2 in autumn.
= For solar reflectivity values below 0.5, the behavior of the surface can be
assimilated to a nocturnal radiative cooler.
= For low values of solar reflectivity, maps tend to show homogeneous patterns all
over the continent.
= Small variations in solar reflectivity have greater impacts on the radiative cooling
potential at higher reflectivity values than lower ones: in the range of 1-0.8, the
reduction of the average power potential is 29.19% and that of the annual energy
is 38.83%.
= Performance in radiative cooling remains almost constant between the period
2020-2050. Radiative cooling rates slightly decrease both in nocturnal and all-day

applications.

The conclusions derived from part IV (Chapter VI, Chapter VII and Chapter VIII)
validated hypothesis H3 and H4. The south of Europe showed the highest potential for
implementing RCE technology. From Chapter V and Chapter VII, the candidate
concluded that, in order to achieve the full potential of radiative cooling to meet the
cooling demands in buildings, and still be able to perform both solar heating and radiative
cooling, a radiative surface able to achieve, during different moments of the day, all-day

radiative cooling and diurnal solar heating is required.
1.1  Global conclusion of the thesis

From the conclusions described previously, five global conclusions of the thesis can be

extracted:

1. Convective covers can improve the performance of the RCE in two ways:
allowing the double function of both solar heating and radiative cooling in a single
device, and increasing the efficiency of both processes as they reduce the
convective heat exchanges. Nevertheless, structural problems are still an issue to

solve in convective covers.
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2. The combination of RCE with water-water heat pumps increases the performance
of the heat pump in the majority of the studied cases.

3. According to the potential production, southern Europe is the region which shows
the highest potential of implementation of RCE technologies in the continent.

4. The radiative cooling potential will remain barely constant from 2020 to 2050 in
Europe.

5. Switching from nocturnal radiative cooling to all-day radiative cooling can
drastically improve the production of radiative cooling, up to 127% on average in
Europe.

2. Recommendations for future work

Different topics have been identified during the development of the thesis, which felt out
of the scope of the thesis, but which the candidate considers appropriate to study in the
future in order to make RCE a feasible technology. These topics are listed below:

2.1 Materials

After reviewing the existing literature, a suitable cover material for combined radiative
cooling and solar heating could not be found. The combination of a glass cover with a
polyethylene cover resulted a good option but it still presents two main drawbacks: (1) it
occupies double of its surface and (2) the degradation of polymer makes it not a proper
long-term solution. The candidate suggests to characterize chromic materials in both
atmospheric window and solar range to see if they are good candidates.

22  All-day RCE

Up until this point, the investigations in combined applications have focused on
developing a combined system to generate cold during the night and heat during the day.
From Chapter V it was concluded that RCE was underused for the production of DHW,
and from Chapter VII it was concluded that all-day radiative cooling can deliver more
cooling power and energy. As the heat is still a requirement and its production should not
be suppressed, the candidate proposes to investigate the combination of nocturnal
radiative cooling with an adaptive diurnal solar heating or radiative cooling depending on

the load requirements.
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This means that new designs of the RCE should be developed and that the metamaterials,
which are now being developed, should be studied in depth and integrated in the new
RCE design.

2.3 Control

The control of the system used experimentally was a simple control which only
distinguished between night and day, but any other input was not taken into account. This
causes that during certain hours of the night, when the meteorological conditions are not
favorable for RC, the system is still working and wasting electricity. In the simulations in
Chapter V, the control also considered that, if the cooling power achieved was low, the

system stopped. This was still a simple control.

The candidate recommends to study the possibility of developing a new optimized control
system which could consider the prediction of parameters of different nature such as
environmental, user consumption, and cost production and it could decide whether or not

the activation of the system, in a given time of the night, generates benefits.
2.4  Mapping the potential
The candidate recommends two actions related to the mapping of the potential:

= Using the methodology used in papers P3, P4 and P5 it is possible to generate
world hourly source maps of radiative cooling. The candidate proposes to generate
these maps which could be a more powerful decision and design tool.

* Radiative cooling source maps provide the maximum potential that can be
achieved in a certain location, but they do not give information on whether the
cold produced can cover or not the cooling demands at that point. The candidate
recommends to go one step further and to cross the source maps of radiative
cooling potential with maps of cooling demand, in order to identify how much of
the demand can be covered by radiative cooling.

2.5 Integration of the RCE

The candidate recommends two actions related to the integration of the RCE to energy

systems and facilities:

160



b |

U

CHAPTER IX

X Conclusions and future research

Universitat de Lleida

During the thesis the candidate realized that there is a gap of knowledge related
to the integration of RCE with systems. The optimal for the main operational
parameter (flow rate inside the RCE) and the main installation parameters
(volume of the storage tank, tilt of the RCE and type of connection of the different
RCE) are unknown until the moment. These parameters affect the performance of
the system. The optimal of these parameters should be studied in the next steps of
the research.

In this thesis the integration of the RCE with other cooling systems was only
studied in a single-family house. The candidate suggests to investigate the
performance of the systems in different buildings and industries with different

load profiles.
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Chapter X. List of contributions

1. Journal papers included in the thesis

Vila, R., Martorell, 1., Medrano, M., Castell, A., 2021. Adaptive covers for combined
radiative cooling and solar heating. A review of existing technology and materials.
Solar Energy Materials and Solar Cells 230, 111275.
doi.org/10.1016/j.s0lmat.2021.111275

Vila, R., Medrano, M., Castell, A., 2021. Mapping Nighttime and All-Day Radiative
Cooling Potential in Europe and the Influence of Solar Reflectivity. Atmosphere 12,
1119. doi.org/10.3390/atmos12091119

Vila, R., Rincdn, L., Medrano, M., Castell, A, 2022. Potential Maps for Combined
Nocturnal Radiative Cooling and Diurnal Solar Heating Applications in Europe.
Renewable Energy (Under peer-review process).

Vila, R., Medrano, M., Castell, A., 2022. Climate change influences in the
determination of the maximum power potential of radiative cooling. Evolution and
seasonal study in Europe. Renewable Energy (Under peer-review process).

Vila, R., Medrano, M., Castell, A., 2022. Numerical Analysis of the Combination of
Radiative Collectors and Emitters to Improve the Performance of Water-Water
Compression Heat Pumps under Different Climates. Energy. (Under peer-review
process).

2. Other journal papers contributions

Martorell, 1., Camarasa, J., Vila, R., Solé, C., Castell, A., 2022. RCE as a device to
produce heating and cooling. Transmittance and aging study for cover materials
suitable for radiative cooling. (Under peer-review process).

3. Conference contributions

The PhD candidate contributed to the following international conferences:

Vila, R., Martorell, 1., Medrano, M., Castell, A., 2020a. Optimal Characteristics of
an Adaptive Windshield for a Solar Collector and Radiative Cooling Combined
System’, in: Proceedings of the ISES EuroSun 2020 Conference — 13th International
Conference on Solar Energy for Buildings and Industry. Presented at the
Eurosun2020, International Solar Energy Society, Athens (Greece), p. 8.
doi.org/10.18086/eurosun.2020.06.04
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e Vila, R, Rincén, L., Medrano, M., Castell, A., 2020b. Radiative Cooling Potential
Maps for Spain, in: Proceedings of the ISES EuroSun 2020 Conference — 13th
International Conference on Solar Energy for Buildings and Industry. Presented at
the EuroSun 2020, International Solar Energy Society, Athens (Greece), pp. 1-9.
doi.org/10.18086/eurosun.2020.09.01

e Vila, R., Garcia, M., Medrano, M., Martorell, I., Castell, A., 2020. Combining
Radiative Collector and Emitter with Compression Heat Pump: Numerical Analysis,
in: Proceedings of the ISES EuroSun 2020 Conference — 13th International
Conference on Solar Energy for Buildings and Industry. Presented at the EuroSun
2020, International Solar Energy Society, Athens (Greece), pp. 1-7.
doi.org/10.18086/eurosun.2020.06.01

e Castell, A., Medrano, M., Martorell, 1., Solé, C., Rincon, L., Saladin, A., Carrobe,
A., Vila, R., 2021. Development and evaluation of a radiative cooling and solar
heating system for combined heat and cold production. Phase 1. Presented at the
EXCO’21. International Itinerant Exhibition, Valencia (Spain).

e Martorell, 1., Camarasa, J., Vila, R., Solé, C., Castell, A., 2021. RCE as a device to
produce heating and cooling. Transmittance and aging study for cover materials
suitable for radiative cooling, in: Proceedings of the 6th International Conference on
Polygeneration. Presented at the ICP 2021, International Conference on
Poligeneration, Zaragoza (Spain).

e Vila, R, Rincon, L., Medrano, M., Castell, A., 2021. Potential Maps for Combined
Nocturnal Radiative Cooling and Diurnal Solar Heating Applications. Cases of
Spain, Switzerland, Germany and Sweden., in: Proceedings of the 6th International
Conference on Polygeneration. Presented at the ICP 2021, International Conference
on Poligeneration, Zaragoza (Spain).

e Medrano, M., Saladin, A., Solé, C., Martorell, I., Vila, R., Castell, A., 2021. Potential
for Integration of a Renewable Combined Heating and Cooling System in Food
Industries requiring Heat and Cold. Presented at the ISES Solar World Congress
2021, Kassel (Germany).

e Castell, A., Delgado, M., Vila, R., Rincon, L., Martorell, I., 2021. Domestic Hot
Water and cooling demand coverage for nearly Zero Energy Buildings applying
combined solar heating and radiative cooling. Presented at the ISES Solar World
Congress 2021, Kassel (Germany).

e Féat, N., Castell, A., Medrano, M., Vila, R., 2021. Improving cooling production
combining Radiative Cooling and Phase Change Materials. Presented at the ICAE
International Conference on Applied Energy 2021, Bangkok (Thailand).

e Vila, R., Medrano, M., Martorell, 1., Castell, A., 2022. Radiative Collectors and
Emitters to Improve the Efficiency of Compression Heat Pumps. Presented at the X11
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National and Il International Conference on Engineering Thermodynamics

(12CNIT) 2022, Madrid (Spain).

e Medrano, M., Saladin, A., Solé, C., Martorell, I, Vila, R., Castell, A., 2021. Potential
for Integration of a Renewable Combined Heating and Cooling System in Food
Industries requiring Heat and Cold. Presented at the ISES Solar World Congress
2021, Kassel (Germany).

e Castell, A, Delgado, M., Vila, R., Rincon, L., Martorell, 1., 2021. Domestic Hot
Water and cooling demand coverage for nearly Zero Energy Buildings applying
combined solar heating and radiative cooling. Presented at the ISES Solar World
Congress 2021, Kassel (Germany).

4. Participation in projects
The PhD candidate participated in the following founded projects:

e SGR SEMB (Sustainable Energy, Machinery and Buildings). AGAUR, grup de
recerca consolidat n® 2017 SGR 00659.

e Desarrollo y evaluacion de un sistema de refrigeracion radiante y captacion para
produccion combinada de frio y calor. Ministerio de Ciencia, Innovacion y
Universidades, RAD-CHC (RT12018-097669-A-100).

e Desarrollo y evaluacion de un equipo para produccién combinada de frio y calor
mediante refrigeracion radiante y captacion solar. Fundacion Iberdrola.

e Poligeneracion adaptativa de calor y frio renovables mediante la combinacion de
captacion solar y refrigeracion radiante diurna. Ministerio de Ciencia, Innovacién y
Universidades, P1D2021-1266430B-100.

e Mejora de la potencia de un sistema de produccion de frio y calor renovables
combinando enfriamiento radiante y captacion solar, TED2021-131446B-100.

e Economia circular en la construccion con tierra y catalogacion de suelos idoneos.
Ministerio de Ciencia, Innovacion y Universidades, TED2021-129705B-C31

5. Book chapters contributions

e Martorell, I., Rincon, L., Castell, A., Medrano, M., Solé, C., Carrobé, A., Vila, R.
Andlisis térmico de un edificio Earthbag en clima continental Mediterraneo.
Monitorizacion y simulacion. Monitorizacion y evaluacion de la habitabilidad,
calidad del aire y eficiencia energética de los edificios. Experiencias en Espafia.
BIA2017-90912-REDT. pp.119-126. ISBN: 978-84-122767-4-9.

e Castell, A., Medrano, M., Martorell, 1., Solé, C., Rincon, L., Saladin, A., Carrobg,
A., Vila, R., 2021. Development and evaluation of a radiative cooling and solar
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heating system for combined heat and cold production. Phase 1. Research in Building
Engineering EXCO'21. ISBN: 978-84-12-45182-5.

6. Other contributions

e Vila, R., Castell, A., Martorell, 1., Medrano, M., Rincon, L., Solé, C., 2021.
Refrigeracio radiant per a la climatitzacié d’espais. Estudi del potencial a Europa.
Presented at  the European Research Night. Available  at:
https://researchersnight.udl.cat/la-nostra-recerca-2021

e Medrano, M., Martorell, I., Castell, A., Vila, R. Una refrigeracié sostenible és
possible:la refrigeracio radiant. Pensem.cat. Available at:
ttps://www.pensem.cat/noticia/252/refrigeracio-sostenible-es-possible-la-
refrigeracio-radiant (accessed Jul. 12, 2022).
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