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Abstract

Due to their optical properties, passive radiative cooling (PRC) materials can effec-
tively reflect solar radiation while simultaneously dissipating heat through the infra-
red transparency windows using outer space as a cold and renewable heat sink.
This makes it possible to achieve sub-ambient temperatures even in direct sunlight
without using any electricity for cooling or air-conditioning. However, the accu-
rate determination of these peculiar optical properties is challenging and subject to
high uncertainty levels when using commercial instruments available to industrial
end users and research laboratories. Within the EU project PaRaMetriC, aiming at
establishing a metrological framework for the comparable performance evaluation
of PRC technologies, the Physikalisch-Technische Bundesanstalt is leading a work
package dedicated to the development of accurate and traceable methods to deter-
mine the infrared optical and thermophysical properties of PRC materials. These
include reflectivity and emissivity in the broad spectral range from 250 nm to 50
um, encompassing both, the solar spectrum (250 nm-2500 nm) and the infrared
transparency window of the atmosphere (7.1 pm-13 pm) with a target absolute
uncertainty of less than 0.03. For this purpose, several candidate benchmark passive
cooling materials have been characterized by PTB in the wavelength range between
1.4 um and 50 um. The range 250 nm to 1.4 um will be covered in an upcoming
paper. Characterizations of, and comparisons between, reference and end-user meas-
urement techniques applied for the measurements of selected PRC materials will not
only allow accurate determination of the thermophysical properties, but also identi-
fication of measurement problems and suitable approaches in this rapidly expanding
field.

Keywords Emissivity - Reflectivity - Passive radiative cooling
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1 Introduction

Effective optimization and development of the passive radiative cooling (PRC) tech-
nologies are essential for addressing the global climate challenge since cooling sys-
tems are currently responsible for nearly 10% of electricity consumption and 3% of
greenhouse gas emissions worldwide [1].

The increase in the number of days with extreme heat has been documented in
numerous studies [2-5]. Considering the inevitable growth of the cooling needs in
a warming world, and consequently the electricity consumption, the environmen-
tally friendly PRC technologies will necessarily lead to long-term economic, social
and environmental impacts. Due to their optical properties, PRC materials can effec-
tively reflect solar radiation but at the same time dissipate heat through the infrared
transparency windows, utilizing outer space as a cold and renewable heat sink. This
makes it possible to achieve sub-ambient temperatures and equivalent cooling power
exceeding 100 W/m? even under direct sunlight without using any electricity and
with no consumption of water due to their non-evaporative nature [6—8]. The opti-
mal optical properties of a radiative cooling surface are illustrated in Fig. 1 by the
red curve, which shows high reflectance in the solar spectrum and emissivity close
to 1 within the infrared atmospheric window.

The most promising applications of PRC materials include the cooling of build-
ings, photovoltaic cells, thermoelectric generation, air conditioners and power plants
as well as personal thermal management. The main designs, implementation and
development of passive radiative cooling and an overview of the traditional meth-
ods for characterizing and comparing radiative cooling materials and devices are in
detail provided here [9-12].

The materials utilised for modern daytime radiative cooling encompass a diverse
range, including photonic structures, hybrid metamaterials, organic coatings,
microporous polymer films, plastic textiles and delignified wood [13, 14]. A detailed
overview of the composition of various paints or materials with different fillers,
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Fig.1 The schematic for radiative cooling illustrates the ideal optical properties of a radiative cooling
surface, depicted by the red curve, for optimal performance. In the solar spectrum, the surface exhibits
near-zero emissivity to minimize heat absorption. Conversely, within the infrared atmospheric window,
the emissivity approaches 1 to maximize thermal radiation and achieve effective cooling
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nano or micro-particle as well as binders and resins, which allow to adjust its optical
properties, can be found here [15-17].

2 PaRaMetriC and Cool White Projects

The further development and commercialisation of the new PRC technologies are
substantially hindered by the absence of reliable test protocols for evaluating their
cooling properties [18-20]. The modelling accounting for the impact of atmospheric
and geoclimatic conditions, characterisation of emissivity and reflectivity over a
broad wavelength range with low uncertainties, realisation of benchmark systems
with known properties as well as calibration of portable instruments for on-site
monitoring indicate areas that urgently require significant improvement. The devel-
opment of a new conceptual framework and the adoption of highly multidisciplinary
approaches are crucial steps that can facilitate the further development and large-
scale application of PRC technologies.

Therefore, a three-year EU research project 21GRD03 PaRaMetriC (from 2022
to 2025) [21] is focused on establishing a metrological framework for comparable
performance evaluations of PRC technologies and to classify, evaluate and rate the
cooling performance of the emerging class of PRC materials. To achieve this goal,
the project will systematise and improve the different and variable approaches cur-
rently adopted in the scientific literature. This process should foster the adoption of
this relevant technology, potentially leading to reductions in energy and freshwater
consumption. At the same time, new measurement methods and protocols aiming
at standardisation for this specific class of materials and their applications will be
developed. This effort aims to fill the existing gap in measurement and testing capa-
bilities for both industry and end users.

The basis for all the above-mentioned project objectives is the accurate knowl-
edge of the radiative properties of the investigated material, namely the reflectivity
and emissivity. The main difficulty here lies in the accuracy of the available meth-
ods and the wide wavelength range involved. The measurements must be typically
carried out from 250 nm to 25 pm (or even beyond, depending on the application),
encompassing both the solar spectrum (250 nm to 2500 nm), where the PRC materi-
als should exhibit highly reflective properties, and the main infrared transparency
window of the atmosphere (approximately 7.1 pm to 13 um), where the emissivity
should be very high. Furthermore, the hemispherical total emissivity is required for
thermal balance calculations and modeling, while the angular spectral distribution
serves as the primary characteristic for assessing the quality of new materials under
study.

Commercially available portable instruments such as emissometers or reflectom-
eters for on-site measurements as well as integrating spheres in combination with
Fourier Transform Infra-Red (FTIR) spectrometers are most often used for meas-
uring the total hemispherical emissivities [22, 23]. However, measurement uncer-
tainties and observed differences between various measurement techniques and
experimental conditions are significant [24, 25] and yet typically disregarded in the
recent literature studying these materials. One reason for this is a common lack of
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calibrated samples tailored to the specific properties of PRC materials. Addition-
ally, the extrapolation of hemispherical total emissivity from near-normal emissiv-
ity is not well controlled in terms of uncertainty, as previously demonstrated in the
EMPIR project 16NRMO06 “Improvement of emissivity measurements on reflective
insulation materials” (EMIRIM), which focused on the measurement of hemispher-
ical total emissivity of reflective foils used as the thermal insulation products for
buildings [26, 27]. The PRC materials, often featuring "optically structured" coat-
ings, considering the heterogeneous types and properties or consisting of several lay-
ers, could be even more challenging and introduce larger uncertainties [28]. Moreo-
ver, the specific structures of PRC materials can diverge significantly from those of
smooth opaque materials, especially concerning the angular distribution of emissiv-
ity. As noted in some studies, the full angular dependence of emissivity, which has
been experimentally disregarded thus far, is key in determining net cooling power,
particularly under adverse humidity and temperature conditions [29].

As the leader of a work package dedicated to the spectral characterization of
PRC materials, the Physikalisch-Technische Bundesanstalt (PTB) [30], Germany’s
national metrology institute, along with partners of the PaRaMetriC project, will
develop accurate and traceable methods for determining the optical properties of
PRC materials. This includes reflectivity and emissivity across the broad spectral
range from 250 nm to 50 um with an absolute standard uncertainty of less than 0.03.
For this purpose, several candidate benchmark PRC materials have been selected
and will be measured using various approaches by several partners.

Furthermore, the objectives of this work package include evaluating the long-
term stability of the optical properties of PRC materials, which also requires precise
emissivity and reflectivity measurements with low uncertainties to detect possible
changes due to heat, contamination, water and aging. Additionally, the methods
to convert directional emissivity measurements into hemispherical total emissiv-
ity will also be developed. This is crucial because most portable instruments (such
as emissometers) only measure directional values, while accurate simulations and
heat-balance calculations rely on hemispherical data. By providing highly accurate
hemispherical emissivity data, PTB supports more reliable analyses and enhances
the overall framework for evaluating PRC materials.

In this paper, the initial results of emissivity measurements of four selected sam-
ples conducted at PTB will be presented, covering a wavelength range from 1.4 um
to 50 um. In the next phase of the project, these results will serve as reference data
in the IR range for comparison with measurements obtained by other partners. Addi-
tionally, PTB together with the partners of the PaRaMetriC project is supporting
an external project Cool White closely linked to PaRaMetriC [31]. The objective
of this cooperation project is to develop and implement PRC technologies, with a
particular focus on investigating the cooling effect of special white paints on build-
ing roofs. These white paints are being applied to several school and company roofs
in Rwanda and South Africa in collaboration with local painters. The expectation is
that lower temperatures resulting from this initiative will not only improve condi-
tions for students and workers in these countries but also facilitate energy savings.
PTB will bring its expertise in determining optical properties to investigate vari-
ous white paints, identifying the ones most closely approximating the properties of
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PRC coatings and providing training to local metrology institutes on how to install
temperature and humidity measurement equipment to the building for the continu-
ous monitoring of thermal comfort conditions before and after the application of the
cool roof paints.

3 Emissivity Measurements at PTB

PTB operates two unique facilities for angular resolved measurement of direc-
tional spectral, directional total and hemispherical total emissivities under air and
in vacuum. These facilities cover the spectral range from 1.4 pm to 200 pm and the
temperature range from -40 °C to 1000 °C. The Emissivity Measurements in Air
Facility (EMAF) [32] and the Reduced Background Calibration Facility (RBCF 2)
[33] have been operated at PTB for several years and have successfully contributed
to several research projects: various European projects founded by EURAMET like
“Inspection Techniques for Composites in Energy Applications” (VITCEA), above-
mentioned EMIRIM and the project series “Metrology for Earth Observation and
Climate” (MetEOC) 1 to 4. Further critical contributions were and are provided to
the climate observation missions FORUM of ESA [34] and Libera of NASA [35].
Furthermore, these facilities have contributed to several national and international
intercomparisons [36]. Additionally, numerous specific measurements have been
performed for various partners or customers based on bilateral research or contract
work.

The measurements presented in this paper were performed using the EMAF. To
ensure internal verification, the vacuum measurement setup RBCF2 was used to
compare the performance across both systems with a reference sample. At both set-
ups, the measurement scheme for determining emissivity is based on a comparison
of the spectral radiance of the sample against the spectral radiances of two refer-
ence blackbodies at different temperatures using a FTIR spectrometer (Fig. 2). The
sample is mounted on a heater and placed inside a temperature-stabilized spherical
enclosure. With the help of an evaluation model that accounts for the balance of heat
fluxes at the sample surface and multiple reflections between the sample and the
spherical enclosure, both the surface temperature and the directional spectral emis-
sivity can be accurately computed [37]. To calculate the hemispherical total emis-
sivity, a mathematical model developed and extensively validated at PTB through
various comparisons was used. The model of the angular dependence of the direc-
tional emissivity is based on the sum of the Fresnel equations for both polarization
directions, incorporating the complex refractive index and an offset. It is fitted to
experimental data obtained from directional total emissivity measurements at obser-
vation angles of 10°, 20°, 30°, 40°, 50°, 60°, and 70°, while accounting for their
associated uncertainties. Finally the hemispherical emissivity is calculated by inte-
grating the model over the full angular range from 0 to 90°. [32].

The capabilities of the two measurement setups at PTB concerning emissivity
measurements are listed in Table 1.

The uncertainty of the directional spectral emissivity is calculated via a
Monte—Carlo method, which is based on the complete radiation budget. This method
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Fig.2 Photo of the facility for emissivity measurement at PTB: two reference blackbodies and a temper-
ature-stabilised spherical enclosure can be seen. The sample is mounted on a heater and placed inside the
spherical enclosure

Table 1 Capabilities of the two measurement setups for emissivity measurements at PTB

EMATF (air) RBCF2 (vacuum)
Temperature range 20 °C to 500 °C — 40 °C to 1000 °C
Spectral range 2.5 ym to 100 pm 1.2 um to 200 um
Pressure range and environment ~ Ambient pressure, dry air 107 hPa to ambient, dry air or inert gas
Angular resolved +—80° +—80°
Clean room Normal lab condition Clean room of class ISO5

considers every radiation contribution in the optical path and is spectrally depend-
ent. Furthermore, the uncertainty budget is calculated for each individual measure-
ment, as the significance of individual uncertainty contributions varies significantly
depending on the conditions of the measurement and the sample investigated.

4 Experimental Conditions

To accomplish the project objectives, the reflectivity and emissivity of the PRC
materials must be measured using various approaches by several partners. Conse-
quently, determining the thermophysical properties and analysis of measurement
problems and suitable approaches will be crucial for identifying the sources of
deviation and the uncertainties of measurement techniques and other (both commer-
cial and custom) instruments which are available at the partner institutes. Moreover,
selecting a benchmark material from among the measured candidates and develop-
ing a set of appropriate samples for calibration will establish a better traceability for
industrial and in-field measurements.
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As the initial step, PTB performed measurements on selected samples using its ref-
erence setups focusing on the wavelength range from 1.4 um to 50 pm. The resulting
spectra and their uncertainties will represent the reference data against which other
measurements from the partner institutes will be compared. Two experimental setups
at PTB were employed for these measurements: the setup for emissivity measurements
in air (EMAF) in a wavelength range from 5 pm to 50 um and the setup for diffuse
reflectivity measurements with a gold-coated integrating sphere in the spectral range
from 1.4 pm to 5 pm [38]. This different approach using a commercial Bruker integrat-
ing sphere and the vacuum FTIR spectrometer was chosen here to perform additional
measurements in the range below 5 um, since the direct emissivity measurements in
this wavelength range require a significantly higher temperature for the samples due
to Planck’s law: temperatures of 400 °C and above. However, several PRC materials
are not suitable for operation at such high temperatures, given their near-ambient target
application scenario.

The directional spectral emissivity was determined at slightly different nominal tem-
peratures below 100 °C, at angles of observation from 10° to 70° with respect to the
surface normal and in a wavelength range from 5 pm to 50 um. In addition, the total
directional emissivity and the hemispherical total emissivity were calculated. Two sets
of detectors and beamsplitters were used with the FTIR spectrometer according to the
wavelength and temperature ranges. In the range from 5 pm to 25 pm, a deuterated
l-alanine-doped triglycine sulfate (DLaTGS) in combination with a potassium bromide
(KBr) beamsplitter were used. In the range from 25 pm to 50 pm, the emissivity was
determined using a far-infrared deuterated triglycine sulfate (FDTGS) detector in com-
bination with a 6 p Multilayer Mylar beamsplitter.

The gold-coated integrating sphere was equipped with a liquid nitrogen-cooled mer-
cury cadmium telluride (MCT) detector and a KBr beamsplitter to measure the direc-
tional-hemispherical spectral reflectivity in the wavelength range of 1.4 um to 5 pm.
These measurements were conducted at room temperature using a Globar lamp as the
radiation source. Each sample was then positioned at the reflectivity port inside the
integrating sphere, enabling the measurement of directional-hemispherical spectral
reflectivity at an incidence angle of approximately 12°.

5 PRC Benchmark Materials

Within the project, several stakeholders and companies already involved in energy-effi-
cient building envelopes and traditional cool roof systems, or who are working towards
the development and commercialization of actual PRC materials, were contacted for
a preliminary evaluation of their products. For this article, four samples have been
selected (Fig. 3): SPACECOOL, V98RF, 3M R&D PRCEF Foil and ThermoActive. All
four samples are PFAS-free.
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 ThermoActive

7

Fig.3 Photo and thicknesses of the selected PRC materials: optical foil from the company SPACE-
COOL (5.1); joint development of Cooling Photonics and Almeco “V98RF” (5.2); the R&D develop-
mental PRCF from 3M “3M R&D PRCF” (5.3) and white paint “ThermoActive” (5.4)

5.1 SPACECOOL

A self-adhesive multilayer silver-polymer optical film with specular reflection
and surface roughness-induced light scattering from the company SPACECOOL
INC. was applied to a copper substrate with a diameter of 50 mm and a thickness
of 5 mm. The substrate includes a hole of 2 mm diameter to accommodate a plati-
num resistance thermometer (PRT), facilitating the monitoring of the substrate
temperature.

5.2 "V98RF"of Cooling Photonics S.L. and Almeco Group

A selective emitting polymer “RF” developed by Cooling Photonics was applied
on a silver-based mirror labeled “Vega 98®” (V98) cut to size 40 mm X 40 mm
provided by Almeco Group. “Vega 98®” is a specially designed highly reflective
surface. It consists in a high-purity aluminium substrate, enhanced by a specific
PVD multilayer coating system based on silver. Vega 98 is manufactured on a
continuous coil vacuum coating plant, which makes it a fully scalable product.
The RF coating preserves the high reflectivity of the V98 substrate while pro-
viding high emissivity in the IR atmospheric window, resulting in a high-perfor-
mance selective emitter (VIO8RF).

5.3 3M R&D PRCF

A self-adhesive metal-free white-diffuse R&D developmental passive radiative
cooling foil (PRCF) provided by 3M was adhered on an aluminum substrate of
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90 mm in diameter using a thermal paste Apiezon. A 2 mm hole for the PRT was
also provided in the substrate.

5.4 ThermoActive

As part of the Cool White project, a commercial white paint, ClimateCoating®
ThermoActive of the company SICC Coatings GmbH, was applied to a flat alu-
minum substrate with a diameter of 90 mm, a thickness of 5 mm, and a 2 mm hole
for inserting a thermometer. The paint features a specialized dispersion containing
hollow glass—ceramic bodies as aggregates. Once dried, the coating forms a reflec-
tive membrane capable of reflecting heat radiation while providing an additional
cooling effect through controlled evaporation.

6 Results

The directional spectral emissivities of the four PRC materials are depicted in
Fig. 4 for an angle of observation of 10° with respect to the surface normal. The
red dashed line represents the boundaries of the IR atmospheric window, while

Wavelength / ym
1.4 1.7 2.0 2.5 3.3 50 10.0 25.0
1.0 At an angle of observation of 10° . F1o
0.9 1 |- = IR atmospheric window AL A 0.9
> V-9 7 LN i — 0.
= 1 | —— 3M R&D PRCF F
g 0831 spacecooL ! | - 038
= 1| ——Vo8RF F
GE) 0.7 _ ——— ThermoActive | _ 0.7
(:U 0.6 4 - 0.6
S 054 £ 05
Q. ] C
© 041 0.4
. ;
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Wavenumber / cm-1
Fig.4 Directional spectral emissivity of four selected PRC materials: shown at an observation angle of

10° with respect to the surface normal and in the range from 1.4 um to 25 pm. The range of the standard
uncertainty (k=1) for each individual measurement shown as shaded areas around the curves
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Table2 Directional total and hemispherical total emissivities of four selected PRC materials in the
wavelength range from 7.1 um to 13 um with corresponding standard uncertainties u(e)

Angle SPACE- u(e) VI8RF u(e) 3MR&D u(e) ThermoActive  u(e)
COOL ¢ k=1 e(100°C) k=1 PRCF Foil k=1 £(80°C) k=1
(60 °C) £ (60 °C)
10° 0.928 0.015 0.891 0.008 0.901 0.008 0.932 0.007
20° 0.933 0.014  0.889 0.008  0.898 0.008 0.931 0.007
30° 0.935 0.014 0.884 0.008  0.900 0.008 0.928 0.007
40° 0.935 0.014  0.878 0.008  0.899 0.008 0.922 0.007
50° 0.927 0.014  0.878 0.008  0.885 0.008 0911 0.007
60° 0.899 0.015 0.856 0.008 0.846 0.009  0.887 0.007
70° 0.818 0.016 0.730 0.009 0.753 0.010 0.834 0.008
ehem  0.889 0.015 0.834 0.008 0.846 0.009  0.885 0.007

also illustrating an ideal emissivity profile of a selective PRC material. The
measurements were conducted at temperatures ranging from 60 °C to 100 °C,
slightly varying based on the temperature tolerance of each material (Table 2).
However, this temperature variation does not influence the results, as the emis-
sivity of these materials remains constant within this range. Additionally, the
directional-hemispherical spectral reflectivity from 1.4 ym to 5 pum is expressed
here as “1—reflectivity”. As noted earlier, these reflectivity measurements were
performed at room temperature, as the integrating sphere setup does not require
sample heating.

All measured curves demonstrate a sufficiently high level of emissivity within
the IR atmospheric window containing certain individual spectral features. A nota-
ble decrease of the directional spectral emissivity is observed in the shorter infra-
red range (below 6 pum). As previously mentioned, the cooling performance of
PRC materials depends not only on their emissive properties in the IR atmospheric
window but also on their high reflectance in the solar spectrum (250 to 2500 nm).
Assuming the reflectivity remains consistent with the levels observed around 1.4
um, the performance of the investigated materials appears highly promising. How-
ever, this assumption necessitates measurements in the solar range, which will be
detailed in future studies.

The integrated quantities of all PRC materials- total directional and hemispheri-
cal total emissivity- are detailed in Table 2 and illustrated in Fig. 5. The uncertainty
stated here is the standard measurement uncertainty by the coverage factor k=1.
It has been determined in accordance with the “Guide to the Expression of Uncer-
tainty in Measurement (GUM). To evaluate the performance of these materials in
the IR range, the calculation was carried out within the range of the main IR atmos-
pheric window from 7.1 pm to 13 pum.

The directional total emissivities of the PDRC materials, along with their
standard uncertainties, demonstrate high values, with a typical decrease at larger
observation angles. Near-normal emissivity values of 0.9 or higher are compara-
ble to state-of-the-art broadband high emissivity materials such as Nextel 811-21
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Fig.5 Directional total emissivities of four selected PRC materials in the wavelength range from 7.1 pm
to 13 pm with corresponding standard uncertainties depending on the angles of observation from 10° to
70° with respect to the surface normal

and carbon nanotube-based coatings. These levels are sufficient to ensure effec-
tive cooling via thermal radiation in the IR range.

However, determining the overall cooling suitability of these materials requires
comprehensive characterization in the solar spectrum, particularly between 250
and 2500 nm. Reflectivity in this range plays a critical role, as every 1% increase
in solar reflectivity translates to a reduction of approximately 10 W/m? in solar
heat gain. Conversely, spurious solar gains of 20 W/m>-30 W/m? can easily
negate the cooling effect of even a perfect 100% selective emitter in the atmos-
pheric window.

The importance of the long-wavelength emission of PRC materials is empha-
sised not only by the presence of an additional atmospheric window around 20 um,
which could contribute partly to more efficient cooling, but also by the efficiency of
a broadband thermal emittance from 25 pum to 40 um [8]. This is attributed to the
fact that several application scenarios of PRC materials (such as the cooling of heat
pumps, electronic boards, building envelopes and photovoltaic modules.) involve
above-ambient temperatures due to their contact with air and self-heating. Conse-
quently, emitters can effectively perform over the whole broadband range as selec-
tive long-wavelength infrared materials.

To optimize cooling performance, the emissivity of PRC materials should remain
high not only within the atmospheric window of 7.1 to 13 um but also extend up to
50 pm. However, it is important to note that this radiation will mostly be absorbed
by water vapor and the atmosphere near the material. So a high emissivity at wave-
lengths longer than 13 pm will lead to better cooling performance for cold environ-
ments only. For warm environments a high emissivity above 13 um is not desirable.
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Fig.6 Directional spectral emissivities of three selected PRC materials in the FIR range extending the
data presented in Fig. 4: shown at one angle of observation of 10° with respect to the surface normal
and in the range from 5.6 pm to 50 um. The range of the standard uncertainty (k=1) for each individual
measurement is shown as shaded areas around the curves

PTB’s ability to perform far-infrared (FIR) emissivity measurements traceable
to the International Temperature Scale ITS-90 made it possible to characterise the
coatings in this spectral region as well. The measured emissivties of the PRC mate-
rials up to 50 um are depicted in Fig. 6, extending the data shown in Fig. 4 into the
far-IR range. Notably, two of the three samples exhibit high emissivity in the 13
to 50 um range, indicating their significant potential for additional cooling capacity
within this extended spectrum.

7 Conclusion

Within the initial phase of PaRaMetriC and Cool White projects, PTB has deter-
mined the emissivity of various modern, commercially available PRC materials
in the wavelength range from 5 um to 50 pm under various angles of observation
ranging from 10° to 70°. These measurements achieved an absolute uncertainty of
less than 0.016 for the SPACECOOQOL sample and less than 0.010 for the other three
samples- joint development of Cooling Photonics and Almeco “V98RF”; the R&D
developmental PRCF from 3M “3M R&D PRCF” and white paint “ThermoAc-
tive” and are traceable to the International Temperature Scale ITS-90. This result
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surpasses the stated uncertainty target of 0.03, providing a valuable reference that
will help improve the emissivity results of other project partners.

The integrated quantities- directional total and hemispherical total emissivity-
were calculated within the range of the main IR atmospheric window approximately
from 7.1 ym to 13 pm. Additionally, the directional-hemispherical spectral reflectiv-
ity was measured using an integrating sphere from 1.4 pm to 5 um.

In the next step, these PRC materials will be characterised by comparing measure-
ment methods and setups across several partners. The characterisations and compari-
sons between reference and end-user measurement techniques applied for the meas-
urements of selected PRC materials will not only allow an accurate determination of
the optical properties in a broader spectrum ranging from 250 nm to 50 pm, but also
the identification of measurement problems and suitable measurement methods.

The development of accurate and traceable approaches for determining the ther-
mophysical properties, along with the establishment of protocols for on-site test-
ing of PRC materials, will yield significant benefits across various sectors. Both
the scientific community and industry will benefit from the new measurement data
and the implementation of the guidelines and established protocols for the cooling
performance evaluation. This advancement will effectively bridge a significant gap
towards commercialisation of these materials, thus increasing the confidence and
propensity of policymakers and stakeholders to invest in this field. The establish-
ment of relevant norms and standards will also provide a realistic estimation of pro-
jected energy savings in different geoclimatic regions and building types, which will
have longer-term economic, social and environmental impacts.
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