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 A B S T R A C T

The rapid increase in population, energy-saving demands, the need for indoor–outdoor thermal comfort, 
combined with rising global temperatures, highlight the urgency for efficient cooling strategies in the built 
environment. This study investigates aluminum- (“ A”) and Vikuiti- (“ V”) based materials for passive radiative 
cooling (RC), designed with tailored thermo-optical properties compared to a pure aluminum sample (“ ref”). 
After the experimental characterization of the samples, a Finite Element Method (FEM) model is developed 
and validated to simulate the RC performance under typical mid-latitude summer and winter conditions. This 
approach enables accurate prediction of seasonal behavior, reducing experimental effort and resource con-
sumption. Results confirm the model’s capability to reproduce the RC phenomenon, particularly the radiative 
exchange within key spectral wavebands. Among the tested materials, the “ V” sample achieves a sub-ambient 
cooling of −9.7 ◦C under summer conditions with minimal convective influence, emphasizing the critical 
role of spectral selectivity in material design for real-world applications. Furthermore, a parametric analysis 
investigates RC potential under hypothetical spectral configurations and varying atmospheric transmittance, 
extending the model’s applicability and offering insights for optimizing passive cooling solutions.
1. Introduction

Human activities have significantly contributed to urban climate 
change, leading to rising global temperatures and more frequent ex-
treme weather events [1]. This trend is particularly pronounced in 
cities, where the Urban Heat Island (UHI) effect causes urban areas to 
exhibit higher air and surface temperature than rural surroundings [2], 
with projections indicating up to 3 ◦C increase in urban temperatures 
by 2100 [3]. The environmental ramifications – including elevated 
energy demand for cooling, increased air pollution, and greater green-
house gas emissions – fuel a feedback loop that exacerbates urban 
warming. UHI is driven by a variety of anthropogenic factors: popu-
lation growth, high-density impermeable surfaces, and altered surface 
energy balances [4,5]. As buildings account for over one-third of global 
energy use and emissions [6], comprehensive strategies are urgently 
needed to mitigate the environmental, economic and thermal negative 
impacts of UHI [7,8].

In response, passive cooling solutions have been deeply explored 
during the last decades, with radiative cooling (RC) emerging as one of 
the most promising approaches to reduce building surface and indoor 
temperatures [9,10]. The RC mechanism consists of dissipating heat by 
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radiatively exchange with outer space, exploiting specific wavebands, 
called atmospheric windows (AWs) [11]. Effective RC occurs when a 
surface’s thermal emission to space exceeds the heat absorbed from 
solar and atmospheric sources, especially via the 8–13 μm AW: here, the 
atmosphere offers minimal obstruction, allowing thermal radiation to 
escape directly into space (at ∼3 K). Nonetheless, urban environments 
present notable challenges: real-world RC materials interact with mul-
tiple factors influencing their thermal behavior, including conductive 
and convective heat exchanges with the surrounding, incident solar 
radiation, and atmospheric back-radiation. All these aspects, especially 
the absorption of solar radiation, hinder the RC efficiency, making day-
time cooling more challenging than nighttime [12–14]. Consequently, 
material innovations with high solar reflectance and high thermal 
emittance have been prioritized as essential for next-generation RC 
systems [15–18].

The first generation of “ cool materials” included white reflective 
paints [19,20], followed by colored coatings with near infrared (NIR) 
reflectance to better suit aesthetic demands of urban infrastructures 
[21,22]. Despite the improvements, these materials often showed lim-
ited RC efficiency. RC systems are broadly classified into selective (SRC) 
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Nomenclature

AW Atmospheric window
BRC Broadband radiative cooling
EPS Extruded polystyrene
FIR Far infrared spectrum (>20 μm)
MAE Mean absolute error
MIR Mid-infrared spectrum (2.5–20 μm)
NIR Near infrared spectrum (0.78–2.5 μm)
PMSQ Polymethilsilsequioxane
RC Radiative cooling
RMSE Root mean square error
SRC Selective radiative cooling
SRI Solar Reflectance Index
UHI Urban Heat Island
UV Ultraviolet spectrum (<0.38 μm)
VIS Visible spectrum (0.38–0.78 μm)
𝜅 Thermal conductivity [W/mK]
𝜆 Wavelength [μm]
𝜌 Reflectance [%]
𝜎 Stefan-Boltzmann constant (5.67 × 10−8

W/m2K4)
𝜏 Transmittance [%]
𝜀 Emittance [%]
q Heat flux vector [W/m3]
u Velocity vector [m/s]
𝑐𝑝 Specific heat [J/kgK]
𝑑 Density [kg/m3]
𝑒𝑏 Blackbody emissive power [W/m2]
𝐹 View factor [–]
𝐹𝐸𝑃 Form factor emissive power correction [–]
ℎ Heat transfer coefficient [W/m2K]
𝐼 Incident irradiation [W/m2]
𝑛 Refractive index of a medium [–]
𝑞 Heat flux [W/m2]
𝑇 Temperature [◦C]
𝑡 Time [s]
𝑒𝑥𝑝 Experimental
𝑠𝑖𝑚 Simulated
𝑎𝑖𝑟 With reference to the ambient air
𝑎𝑚𝑏 Ambient
𝑎𝑡𝑚 With reference to the atmosphere
𝑐 With reference to convective exchange
𝑒𝑥𝑡 External
𝑖𝑛𝐴𝑊 Within the AW (8–13 μm)
𝑘 With reference to conductive exchange
𝑚 Mutual, between surfaces
𝑚𝑎𝑥 Maximum value
𝑜𝑢𝑡𝐴𝑊 Outside the AW (2.5–8 μm and >13 μm)
𝑟 With reference to radiative exchange
𝑠𝑘𝑦 With reference to the sky
𝑠𝑜𝑙 Solar
𝑠𝑝𝑎𝑐𝑒 With reference to the outer space
𝑠𝑢𝑝 Superficial

and broadband (BRC) types: SRCs target emission within the 8–13 μm
AW, whereas BRCs emit across the broader infrared spectrum [23,24]. 
For RC large-scale adoption, durability, costs, and scalability are widely 
recognized as critical factors. Though high-performance prototypes 
2 
exist, many are expensive and hard to scale [25]. Coatings are currently 
the most promising approach due to their ease of application, cost-
effectiveness and versatility [26,27]. However, durability remains a 
challenge: UV exposure, soiling and aging often leads to material 
degradation, resulting in reduced cooling efficiency over time and in 
a worsening of optical and thermal properties [28].

Despite rapid advances, key gaps and limitations impede broader 
adoption of RC materials in real-world settings [29]. Most studies 
emphasize the immediate cooling performance of RC prototypes, often 
neglecting critical aspects such as long-term durability and resistance 
to environmental degradation [30,31]. Furthermore, there is a marked 
gap between lab-scale results and real-world performance, with outdoor 
testing frequently revealing inconsistencies [32]. For example, the same 
material developed by Raman et al. [33] failed to achieve sub-ambient 
temperatures when tested in Hong Kong’s climate, demonstrating sub-
cooling only at nighttime [34]. Similarly, the highly reflective and 
thermally emissive coating by Bao et al. [35] only achieved above-
ambient temperature in Shanghai, at 30 ◦C and 70% of relative humid-
ity. These discrepancies highlight the sensitivity of RC performance to 
environmental factors, particularly humidity and cloud cover, which 
reduce the transparency of the 8–13 μm AW by increasing thermal 
radiation absorption by water vapor [36].

Due to the variability of outdoor conditions, indoor replicable test-
ing is considered for evaluating RC materials. However, the lack of 
standardized testing and reporting practices so far leads to inconsis-
tent results and hinders the comparability of different solutions, thus 
slowing technological advancement and market uptake [37]. Currently, 
no experimental metric allows for fair performance comparisons. For 
instance, the widely used Solar Reflectance Index (SRI)  [38] combines 
a material’s solar reflectance and thermal emittance considering both as 
averaged values, rather than accounting for their spectral distribution. 
This approach is completely unfavorable for evaluating RC prototypes, 
since their effectiveness, compared to traditional cooling solutions, 
depends on reflectance and emittance profiles across the solar and 
infrared spectra, with particular emphasis on the 8–13 μm AW [39,40]. 
Moreover, recreating realistic environmental conditions in the con-
trolled indoors poses significant challenges. While climatic chambers 
can control temperature, humidity, and irradiation to simulate various 
climates [41,42], they prevent the tested materials from being exposed 
to real atmosphere, thereby excluding any potential real radiative 
exchange with outer space [40]. As a result, the true sub-ambient 
cooling potential of advanced RC materials may remain undetected, 
making them appear no more effective than conventional cool materials 
in such setups.

In light of these challenges, advanced modeling techniques offer 
considerable promise to bridge the gap between material innovation 
and practical application. Notably, the Finite Element Method (FEM) 
provides a consolidated platform for simulating heat transfer phe-
nomena, offering nuanced insights into temperature distributions and 
energy fluxes under complex boundary conditions [43]. Additionally, 
FEM tools facilitate virtual prototyping, reducing reliance on costly 
experimental campaigns and accelerating therefore the development 
of high-performance materials by simulating their behavior under real-
istic environmental conditions [44,45]. This approach streamlines the 
transition from laboratory-scale experiments to full-scale applications, 
offering the flexibility to incorporate specific urban factors that may 
influence the overall performance of the investigated material.

Against this background, the contribution of the present work is not 
the generic use of FEM for thermal analysis, but the development of a 
validated, spectrally resolved framework that tightly couples compre-
hensive optical characterization with transient heat-transfer modeling 
of RC materials. The model quantitatively disaggregates the radiative 
fluxes into distinct spectral bands (0.25–2.5 μm - solar, 8–13 μm - 
AW, 2.5–8 μm and 13–20 μm - out-of-AW region), thereby providing 
deeper physical insight into how tailored materials’ spectral properties 
translate into cooling performance under realistic outdoor conditions. 
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The study moves from the modeling of aluminum- and Vikuiti-based 
materials, recently proposed by Carlosena et al. [46] as scalable and 
cost-effective RC solutions, to further expand the analyses toward 
hypothetical selective and broadband prototype to investigate the im-
pact of: (i) varying materials’ spectral properties and (ii) multiple 
atmospheric conditions. Indeed, a further novel aspect of the present 
work is the indirect inclusion of different climatic conditions by pre-
scribing climate-specific atmospheric transmittance profiles, derived 
from established atmospheric radiative models, directly within the 
models’ inputs. This strategy enables the impact of air humidity and 
longwave transparency on the RC effectiveness to be assessed without 
resorting to computationally intensive radiative-transfer solvers, thus 
offering a computationally efficient yet physically consistent bridge 
between material-scale experiments and climate-sensitive performance 
predictions.

FEM-based approaches have already been employed to study RC, 
particularly for the electromagnetic design of metasurfaces and mul-
tilayer structures, as well as for evaluating the thermal behavior of 
specific coatings under idealized conditions [44,47,48]. However, these 
studies typically focus either on the optical response or on band-
averaged thermal performance, without tightly coupling comprehen-
sive spectral characterization with transient, component-scale heat-
transfer simulations under realistic boundary conditions [43]. More-
over, existing models rarely provide a quantitative division of radiative 
fluxes into different wavebands, and only occasionally consider cli-
mate variability through simplified or case-specific assumptions [49]. 
In contrast, the present work advances the state-of-the-art by com-
bining experimentally measured spectral properties with a validated, 
time-resolved FEM framework that resolves radiative exchanges across 
distinct spectral bands and incorporates climate-dependent atmospheric 
transmittance profiles. This integrated and spectrally resolved approach 
offers a more physically transparent and practically oriented bridge 
between laboratory characterization and real-world RC performance 
assessment than previously demonstrated.

2. Materials and in-lab characterization

2.1. Case-study materials

Fig.  1 shows the three considered prototypes (5 cm × 5 cm each) 
and their main geometric and structural features. A pure aluminum 
sample (“ ref”) was taken as reference material and compared to two 
RC samples, whose structure comprised two different substrates: a 
reflective aluminum-based substrate (sample “ A”) and a Vikuiti-based 
substrate (sample “ V”). Both were coupled with an emissive layer 
consisting of polymethilsilsequioxane (PMSQ) spray coating with SiO2
particles embedded at a 5% weight. Such combination came from the 
silica’s transparency in the visible (VIS) range, up to 2.5 μm, and its 
high absorbance in the near/mid-infrared spectrum [50]. Conversely, 
aluminum has a high reflectance from the near UV to mid-infrared 
(MIR) [51]. The 3M Vikuiti Enhanced Solar Reflector, instead, was 
explored as an alternative substrate with an even higher reflectance 
than the aluminum (∼98% across the solar spectrum) [32]. In a re-
cent study [40], the same RC samples were investigated highlighting 
the critical need for a comprehensive characterization protocol that 
considers the full spectral distribution of key thermo-optical properties.

2.2. Thermo-optical characterization procedure

Relying solely on a single value for solar reflectance or thermal 
emittance – as required by many standards – could lead to the inaccu-
rate assessment of a material RC potential, particularly when compared 
to conventional passive cooling solutions [39]. For this reason, the 
samples investigated in this study were tested in terms of reflectance, 
transmittance and emittance across the UV–VIS-MIR regions of the elec-
tromagnetic spectrum. These measurements served also as benchmarks 
3 
to verify that the materials exhibited the required attributes to be qual-
ified as RCs — namely, high solar reflectance in the shortwave range 
and a high thermal emittance in the AW (8–13 μm). Reflectance (𝜌) 
and transmittance (𝜏) in the 0.25–2.5 μm range were measured using a 
PerkinElmer Lambda 1050+ UV/VIS/NIR spectrophotometer equipped 
with a 15-cm-diameter integrating sphere. Calibration was performed 
prior to each measurement session using a certified Spectralon refer-
ence standard, and baseline corrections followed the manufacturer’s 
protocol. Three measurements for each sample were carried out and 
the average profiles were reported in Fig.  2a. For the 2.5–20 μm range, 
reflectance and transmittance were obtained using a PerkinElmer Spec-
trum 3 NIR/MIR/FIR spectrometer equipped with a 7.6-cm-diameter 
PIKE gold-coated integrating sphere. Background spectra were col-
lected before the measurement session, and a gold reference plate was 
used for calibration. Measurement repeatability was assessed through 
multiple scans. The emittance (𝜀, Fig.  2b) was then derived according 
to Kirchhoff’s law: 𝜀(𝜆) = 1 − 𝜌(𝜆) − 𝜏(𝜆).

Both “ A” and “ ref” samples showed a good reflectivity throughout 
the solar spectrum, reflecting 60%–70% of the incident UV and VIS 
radiation, and up to 90% in the near-infrared (NIR) region. In con-
trast, the Vikuiti-based prototype (“ V” sample) showed a remarkable 
reflectance (∼100%) within the VIS waveband up to 1.25 μm, before 
transitioning to high transparency (∼86%) in the NIR region. Focusing 
on the MIR spectrum, despite “ A” sample was designed to be a SRC, 
its emittance reached a peak of only 25% within the AW, around 
9.5 μm, while maintaining a low profile (∼10%) across most of the MIR 
spectrum. “ V” sample, instead, showed again promising performance, 
maintaining a relatively high and consistent emittance (>80%) in the 
range between 5.5 μm and 14 μm: for this reason, it could be classified 
as a good BRC. All these spectral responses were implemented within 
the FEM model of the materials.

2.3. Climatic chamber thermal monitoring

The monitoring of the thermal performance of the case-study mate-
rials was carried out using an advanced ATT UD150C climatic chamber 
equipped with a BF SUN 1200 W solar simulator (Fig.  3a). Samples 
were individually placed over an extruded polystyrene (EPS) support 
(30 cm × 30 cm × 21 cm) to prevent downward heat conduction, 
and their surface temperature was continuously recorded by three 
sensors (thermocouples, type T) attached to the downward face of 
each sample in order to avoid direct heating from the solar simulator 
(Fig.  3b). Data were collected at a time-step of 10 s, and the average 
of the three sensors was then considered. The experimental system 
(sample + EPS support) was placed inside the internal compartment 
of the climatic chamber and exposed for three hours to static and 
controlled boundary conditions. In particular, ambient temperature and 
solar irradiation on the samples’ surface were respectively set to 30 ◦C
and 880 W/m2, mirroring the average values of a typical summer day 
in temperate climates. Surface temperature profiles recorded during 
this methodological step were used to validate the FEM model of the 
investigated materials, while replicating the conditions imposed inside 
the climatic chamber.

3. Development of the numerical model

3.1. Geometric model and materials’ properties

The same experimental setup, i.e., the sample placed over the EPS 
support, was reproduced using COMSOL Multiphysics. A dedicated 
FEM model was developed for each case-study material, keeping the 
same dimensions of the physical system. Specifically, the EPS support 
measured 30 cm × 30 cm × 21 cm (length ×  width ×  height), while 
the dimensions of the samples were as follows: 5 cm × 5 cm × 0.05 cm 
for the “ ref” sample, 5 cm × 5 cm × 0.074 cm for sample “ A”, and 
5 cm × 5 cm × 0.009 cm for sample “ V”. To accurately reproduce the 
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Fig. 1. Geometry and composition features of the case-study materials: Vikuiti-based (“ V”), aluminum-based (“ A”), and reference (“ ref”) sample.

Fig. 2. (a) Reflectance (𝜌, continuous line) and transmittance (𝜏, dotted line) profiles of the case-study materials in the range between 0.25–2.5 μm. (c) Emittance 
(𝜀) profiles of the investigated samples compared to the transmittance of the atmosphere (𝜏𝑎𝑡𝑚, light blue colored) in the range between 2.5–20 μm.

Fig. 3. (a) ATT UD150C SR climatic chamber equipped with a solar simulator and (b) experimental setup in the internal compartment of the chamber for the 
thermal monitoring of the investigated samples.
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Input parameters for the FEM models.
 Parameter Unit ref A V EPS base  
 Density (𝑑) kg/m3 2.53 × 103 2.13 × 103 1.75 × 103 1.15 × 10  
 Specific heat (𝑐𝑝) J/kgK 8.97 × 102 1.56 × 103 1.56 × 103 1.45 × 103  
 Thermal cond. (𝜅) W/mK 2.22 × 102 2.22 × 102 1.57 × 10−1 5.00 × 10−2 
radiative behavior of the materials across the UV to MIR spectral range, 
the measured emittance profiles (obtained as per Section 2.2) were 
implemented as input functions in the models. The other key physical 
properties of the involved materials are summarized in Table  1.

3.2. Governing equations

COMSOL Multiphysics is a general-purpose multi-field software that 
allows for the combination of available built-in and/or user-defined 
interfaces to investigate various multiphysics problems. The evaluation 
of the radiative cooling potential of the case-study materials was car-
ried out exploiting the “ Heat transfer” module, and in particular the 
interaction between the “ Heat transfer in solids” and the “ Surface-to-
surface radiation” interfaces. The first solves the energy conservation 
of thermal energy, accounting for conduction and convective heat 
transfer, while the second models heat radiation moving from the 
equation of the total radiosity of a surface, i.e., the radiant flux leaving 
the surface itself. In transient conditions, the main governing equations 
for the two interfaces are:
1. 𝑑𝑐𝑝

𝜕𝑇
𝜕𝑡 + 𝑑𝑐𝑝𝐮 ⋅ ∇𝑇 + ∇ ⋅ 𝐪𝑘 = 𝑄

where:

– 𝑑𝑐𝑝
𝜕𝑇
𝜕𝑡  is the transient term accounting for the time-dependent 

storage of thermal energy in the material;
– 𝑑𝑐𝑝𝐮 ⋅ ∇𝑇  is the convective term representing the heat transport 
due to fluid motion (𝐮 is the velocity vector of the fluid);

– ∇ ⋅𝐪𝑘 is the conductive term, representing the spatial variation of 
heat flux, typically governed by Fourier’s law (𝐪 = −𝜅∇𝑇𝑘).

2. 𝐽 = 𝜀 ⋅ 𝑒𝑏(𝑇 ) ⋅ 𝐹𝐸𝑃 (𝑇 ) + 𝜌 ⋅ 𝐼 expresses the radiosity of a surface, 
i.e. the total radiant flux leaving the surface. Here:

– 𝜀 is the surface emissivity, while 𝜌 is the surface reflectivity (𝜌 =
1 − 𝜀, for opaque materials);

– 𝑒𝑏(𝑇 ) = 𝑛2𝜎𝑇 4 is the ideal blackbody emissive power according to 
Stefan–Boltzmann law, where 𝜎 is the Stefan–Boltzmann constant, 
𝑇  the absolute temperature in Kelvin, and 𝑛 is the refractive index 
of the medium (for vacuum or air, 𝑛 = 1);

– 𝐹𝐸𝑃 (𝑇 ) = 15
𝜋4

∫ 𝑐2∕(𝜆2𝑇 )
𝑐2∕(𝜆1𝑇 )

𝑥3

1−𝑒𝑥 𝑑𝑥 is the fractional emissive power, 
a dimensionless function representing the fraction of the black-
body radiation emitted between two wavelengths (𝜆1 and 𝜆2), at 
temperature 𝑇 . 𝑐2 = ℎ𝑐

𝑘  is the second radiation constant;
– 𝐼 = 𝐼𝑚 + 𝐼𝑎𝑚𝑏 + 𝐼𝑒𝑥𝑡 where 𝐼𝑚 is the mutual irradiation from other 
surfaces, 𝐼𝑎𝑚𝑏 is the ambient background radiation and 𝐼𝑒𝑥𝑡 is an 
external source of irradiation, like the Sun.

– 𝐼𝑎𝑚𝑏 = 𝐹𝑎𝑚𝑏 ⋅ 𝜀𝑎𝑚𝑏 ⋅ 𝑒𝑏(𝑇𝑎𝑚𝑏) ⋅ 𝐹𝐸𝑃 (𝑇𝑎𝑚𝑏) quantifies the ambient 
radiation coming from the surroundings and treated as a diffuse 
black or gray environment at temperature 𝑇𝑎𝑚𝑏. 𝐹𝑎𝑚𝑏 is the ambi-
ent view factor, i.e., the fraction of the considered surface’s view 
that “ sees” the ambient. The ambient environment is described by 
means of its emissivity (𝜀𝑎𝑚𝑏) and temperature (𝑇𝑎𝑚𝑏).

3.3. Boundary conditions

FEM models accounted for all relevant heat transfer mechanisms in-
volving the sample, the EPS support, and the surrounding environment:

– conduction between the sample and the EPS support;
– convection between the sample and the ambient air;
5 
– radiative heat transfer between the sample and the environment, 
either the climatic chamber or the outdoor setting.

Adiabatic boundary conditions were applied on the lateral faces of 
the EPS support, assuming no heat exchange with the surrounding air. 
Ambient temperature (𝑇𝑎𝑚𝑏) was imposed along all external edges of the 
sample, ensuring consistent thermal interaction with the environment. 
Convective heat transfer (𝑞𝑐), instead, was considered on the upward 
face of the sample using the same 𝑇𝑎𝑚𝑏 as main driver of the flux 
exchange: 𝑞𝑐 = ℎ𝑐 (𝑇𝑠𝑢𝑝 − 𝑇𝑎𝑚𝑏), being ℎ𝑐 the convective heat transfer 
coefficient and 𝑇𝑠𝑢𝑝 the surface temperature of the sample. Concern-
ing radiative exchanges (𝑞𝑟), all the involved materials were defined 
as diffuse-gray emitters, implementing the experimentally obtained 𝜀
spectral profiles in the models, from 0.25 to 20 μm. Finally, an external 
irradiation source was applied at an infinite distance from the sample, 
pointing toward its upward face, in order to account for possible solar 
gains (𝑇𝑒𝑥𝑡 = 5780𝐾).

4. Design of numerical analyses

As previously described, we developed FEM models reproducing 
the experimental setup consisting of the EPS support with the case-
study sample (“ ref”, “ A” or “ V”) centrally positioned on top. A first 
validation analysis (Section 4.1) was carried out by simulating the 
system inside the internal compartment of the climatic chamber, in 
order to assess whether simulated outputs aligned with experimentally 
monitored data. Subsequently, the RC potential of the investigated 
samples was analyzed by simulating the same system under outdoor 
conditions of exposure, implementing the radiative exchange within 
the AW (Section 4.2). Fig.  4 provides a schematic overview of the 
numerical framework adopted in this study, illustrating the FEM model 
and the two types of transient simulations performed. The specific 
assumptions, boundary conditions, and physical processes associated 
with each analysis are described in detail in the following paragraphs.

4.1. Validation of the model

The validation process consisted of the comparison between exper-
imental and simulation results. To this end, the same environmental 
conditions used during the thermal monitoring inside the climatic 
chamber were reproduced (Fig.  4a). The modeled system (sample +
EPS support) was exposed to an ambient environment with the same 
emissivity of the chamber’s internal surfaces (𝜀𝑎𝑚𝑏 = 0.4), while the con-
vective heat transfer coefficient ℎ𝑐 was set to 2.5 W/m2K. An ambient 
temperature (𝑇𝑎𝑚𝑏) of 30 ◦C and an external solar irradiation (𝐼𝑠𝑜𝑙) of 
880 W/m2 were imposed as boundary conditions to properly replicate 
the controlled cycle described in Section 2.2. A steady-state simulation 
was first conducted for each sample to initialize the model and establish 
the initial conditions for the subsequent 3-hour transient simulation, 
replicating the climatic chamber test (𝑇𝑎𝑚𝑏 = 30 ◦C, 𝐼𝑠𝑜𝑙 = 880
W/m2). The average temperature of the sample’s upward surface was 
considered as output for comparison with experimental data. To assess 
the accuracy of the FEM models, the agreement between experimental 
and simulated surface temperature data (𝑇𝑠𝑢𝑝) was further quantified 
by means of the root mean square error (RMSE, Eq.  (1)) and the mean 
absolute error (MAE, Eq.  (2)): 

𝑅𝑀𝑆𝐸 =

√

√

√

√
1
𝑁

𝑁
∑

𝑖=1
(𝑇 𝑠𝑖𝑚

𝑠𝑢𝑝 − 𝑇 𝑒𝑥𝑝
𝑠𝑢𝑝 )2 (1)

𝑀𝐴𝐸 = 1
𝑁
∑

|𝑇 𝑠𝑖𝑚
𝑠𝑢𝑝 − 𝑇 𝑒𝑥𝑝

𝑠𝑢𝑝 | (2)

𝑁 𝑖=1
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Fig. 4. Schematic representation of the FEM model and the heat transfer mechanisms considered in case of (a) model validation (b) RC performance evaluation.
4.2. RC performance evaluation

The same validated models were employed to evaluate the RC 
potential of the studied materials under realistic outdoor conditions 
(Fig.  4b). The average summer and winter days of a temperate climate 
were selected as boundary environmental conditions, together with 
the warmest day of the year. Meteorological data were collected by 
a weather station located on the rooftop of CIRIAF building in Perugia 
(Italy). The average summer scenario was defined by calculating the 
hourly mean values of air temperature and global solar irradiation 
recorded between June 21 and September 22, 2023. Similarly, the 
average winter scenario comprehended the same type of data from 
January 1 to March 20 of the same year. Based on 2023 data, the 
peak temperature day of the year was August 24, when 𝑇𝑎𝑚𝑏 reached 
37.6 ◦C and solar irradiation peaked at 975.6 W/m2. Figs.  5a-c show 
ambient temperature (𝑇𝑎𝑚𝑏) and solar irradiation (𝐼𝑠𝑜𝑙) profiles of the 
three selected days. For each day, a steady-state simulation was carried 
out to set up the model and define the initial conditions (𝑇𝑎𝑚𝑏 = 20 ◦C 
and 𝐼𝑠𝑜𝑙 = 0 W/m2 for the summer case, 𝑇𝑎𝑚𝑏 = 26 ◦C and 𝐼𝑠𝑜𝑙 = 0
W/m2 for the warmest day, and 𝑇𝑎𝑚𝑏 = 5 ◦C and 𝐼𝑠𝑜𝑙 = 0 W/m2 for the 
winter case). Subsequently, a 24-hour transient simulation replicating 
the whole day was performed, focusing on the average surface temper-
ature of the sample, the convective heat transfer with the surrounding, 
and the radiative exchange in different wavebands as main numerical 
outputs.

To properly simulate the radiative exchange between the sample 
and the surrounding environment, assuming the sample facing the 
sky, the spectral distribution of the atmospheric emittance typical of 
Perugia’s climate was implemented in the FEM model (𝜀𝑎𝑚𝑏 = 𝜀𝑎𝑡𝑚). 
Being the atmosphere highly transparent within the AW (Fig.  5d), the 
magnitude of the radiative heat exchange was driven by the difference 
between:

– the temperature of the sample (𝑇𝑠𝑢𝑝) and the outer space (𝑇𝑠𝑝𝑎𝑐𝑒 ∼
3𝐾), in the range 8–13 μm: 𝑞𝑟,𝑖𝑛𝐴𝑊 = 𝜎𝜀𝑎𝑡𝑚,𝑖𝑛𝐴𝑊 (𝑇 4

𝑠𝑢𝑝 − 𝑇 4
𝑠𝑝𝑎𝑐𝑒);

– the temperature of the sample (𝑇𝑠𝑢𝑝) and the sky (𝑇𝑠𝑘𝑦), outside 
the AW: 𝑞 = 𝜎𝜀 (𝑇 4 − 𝑇 4 ).
𝑟,𝑜𝑢𝑡𝐴𝑊 𝑎𝑡𝑚,𝑜𝑢𝑡𝐴𝑊 𝑠𝑢𝑝 𝑠𝑘𝑦
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These simulations were repeated for three different convective heat 
transfer coefficients ℎ𝑐 , i.e., 5, 12 and 30 W/m2K, in order to evaluate 
he RC performance of the samples under low-, medium- and high-wind 
scenarios, respectively [52].

4.3. Modeling assumptions and limitations

The FEM models operated on the following thermo-physical as-
sumptions:

– Materials’ properties

– The emissivity of the investigated materials was simulated 
using their spectral profiles, spanning the 0.25–20 μm range 
with a wavelength resolution of 0.05 μm. This approach 
enabled a more accurate assessment of the impact of spec-
tral emittance – particularly within the atmospheric window 
(AW) – on the overall RC performance, as compared to 
non-RC materials.

– The thermal conductivity of both “ ref” and “ A” samples was 
set equal to that of aluminum alloy 1050, corresponding to 
the substrate material of sample “ A”. The contribution of 
the SiO2-based emissive coating was considered negligible 
due to its minimal thickness.

– For sample “ V”, the thermal conductivity was assigned 
based on the typical values for polyvinyl chloride-based 
materials, consistent with the composition of the Vikuiti 
film.

– Considered environmental parameters

– For validation simulations, a convective heat transfer coef-
ficient of 2.5 W/m2K was adopted, based on the operational 
guidelines of the climatic chamber.

– For outdoor simulations, three standardized convective heat 
transfer coefficients (5 W/m2K, 12 W/m2K and 30 W/m2K) 
were considered to indirectly investigate the impact of dif-
ferent wind speed scenarios.
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Fig. 5. Ambient temperature (𝑇𝑎𝑚𝑏) and solar irradiation (𝐼𝑠𝑜𝑙) profiles of the (a) average summer day, (b) peak temperature day of the year, and (c) average 
winter day, used as weather forcings to evaluate the RC performance of the investigated materials. (d) Atmospheric transmittance (𝜏𝑎𝑡𝑚) profile relative to Perugia’s 
climate.
– Ambient temperature and solar irradiation were the only 
environmental forcing parameters involved for both in-
chamber and outdoor analyses.

– Modeling the radiative exchange with the atmosphere

– The average summer and winter days and the peak temper-
ature day considered for outdoor simulations had clear-sky 
conditions: the cloudy-sky scenario was not investigated in 
this study.

– Outer space temperature (𝑇𝑠𝑝𝑎𝑐𝑒) was assumed to be equal 
to −270.15 ◦C (∼ 3 K).

– Sky temperature in clear-sky conditions (𝑇𝑠𝑘𝑦) was related to 
the ambient air temperature (𝑇𝑎𝑚𝑏), using a simplified em-
pirical formulation proposed by H.P. Garg [53,54]: 𝑇𝑠𝑘𝑦 =
𝑇𝑎𝑚𝑏 − 20.

– Atmospheric emittance (𝜀𝑎𝑡𝑚) was implemented in COM-
SOL in its spectral profile, from 1.5 μm to 20 μm with 
a wavelength resolution of 0.2 μm. It was derived from 
the atmospheric transmittance profile related to Perugia’s 
climate (𝜏𝑎𝑡𝑚).

– Atmospheric transmittance (𝜏𝑎𝑡𝑚) was obtained from the 
predefined atmospheric profiles of the radiative transfer 
model SBDART (Santa Barbara DISORT Atmospheric Ra-
diative Transfer). SBDART is a FORTRAN code designed 
to analyze a wide variety of radiative transfer problems 
encountered in satellite remote sensing and atmospheric 
energy budget studies [55]. Predefined atmospheric pro-
files are available through the parameter 𝑖𝑑𝑎𝑡𝑎𝑚, which 
prescribes vertical distribution of temperature, pressure, wa-
ter vapor, ozone and background gases. For Perugia’s at-
mosphere characterization, the 𝑖𝑑𝑎𝑡𝑎𝑚 = 6 profile was 
considered (Fig.  5d), typical of a hot dry season.

To summarize, the FEM models were conceived for component-scale 
analyses of radiative cooling surfaces, where the main heat transfer 
mechanisms (solar absorption, longwave radiative exchange with the 
sky, and surface convection) are represented through prescribed bound-
ary conditions rather than explicitly resolving the surrounding flow 
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field or atmospheric dynamics. The present FEM framework was ap-
plied to three representative case-study materials and a restricted range 
of thermophysical properties. However, it is intrinsically capable of ac-
commodating arbitrary combinations of thermal conductivity, density 
and specific heat. Wind effects were captured indirectly via convective 
heat transfer coefficients associated with different ventilation regimes, 
while atmospheric humidity was accounted for through predefined 
spectral transmittance profiles rather than prognostic moisture fields. 
The use of an empirical model for the sky temperature also intro-
duced non-negligible limitations: even if it is a straightforward way to 
approximate the effective 𝑇𝑠𝑘𝑦, it may underestimate or overestimate 
radiative exchange under conditions that deviate from the clear, dry 
reference scenario. Finally, cloud cover and its temporal variability, as 
well as complex three-dimensional urban geometries and interactions 
at building or city scale, were not explicitly resolved.

5. Results

5.1. Results from models validation

Fig.  6 compares the simulated (solid lines) and experimentally 
monitored (dashed lines) surface temperatures of the investigated sam-
ples under static boundary conditions inside the climatic chamber. 
Specifically, the surface temperature (𝑇𝑠𝑢𝑝), recorded during a 3-hour 
cycle at 30 ◦C and 880 W/m2 of solar irradiation, was compared to the 
corresponding average surface temperature predicted by simulations. 
The graph focuses only on the final hour of the monitoring period, when 
samples were fully acclimated. Results demonstrate the good capability 
of the models to replicate the experimentally obtained temperatures 
across all samples. Indeed, the discrepancies between measured and 
simulated profiles fell within the experimental error margin (0.5 ◦C
associated to the climatic chamber and 1.0 ◦C linked to thermocouples). 
Moreover, RMSE and MAE calculations demonstrated that, on average, 
simulated results deviated by less than 0.3 ◦C from experimental data 
(Table  2).

It is pertinent to note that, in this part of the method, 𝑇𝑠𝑢𝑝 consis-
tently exceeded the set 𝑇𝑎𝑚𝑏 of 30 ◦C, regardless of the specific radiative 
properties of the materials. No sub-ambient cooling occurred because 
the samples were isolated from the actual atmospheric environment. 
Their heat exchange was dictated by convection and radiation processes 
governed by the internal conditions of the climatic chamber.
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Fig. 6. Last hour of the experimental against simulated temperature moni-
toring of the samples under controlled environmental conditions inside the 
climatic chamber (𝑇𝑎𝑚𝑏 = 30 ◦C, 𝐼𝑠𝑜𝑙 = 880 W/m2).

Table 2
RMSE and MAE of the FEM models compared to 
the experimentally obtained 𝑇𝑠𝑢𝑝 data.
 ref A V  
 RMSE [◦C] 0.17 0.20 0.28 
 MAE [◦C] 0.14 0.15 0.22 

5.2. Results from RC performance assessment

The validated FEM models were used to assess the RC performance 
of the investigated samples under representative outdoor conditions. 
The analysis focused on the temporal evolution of: (i) surface tempera-
ture of the samples relative to ambient temperature, and (ii) convective, 
radiative and net total heat flux exchanges between the samples and 
the environment, with particular emphasis on specific spectral bands 
relevant to radiative transfer. Results for the average summer day, 
warmest day of the year, and average winter day are presented in 
Figs.  7, 8, and 9, respectively. All scenarios were evaluated across 
three convective heat transfer regimes, corresponding to convection 
coefficients (ℎ𝑐) of 5, 12 and 30 W/m2K. Table  3 reports the peak 
superficial temperatures (𝑇𝑚𝑎𝑥) achieved by each sample during the 
simulated days, alongside the corresponding convective (𝑞𝑐) and radia-
tive (𝑞𝑟) fluxes entering (positive values) or leaving (negative values) 
the sample’s surface. Fig.  10, instead, is linked to Table  3 results and 
shows (a) the cooling performance gains and (b) the spectral radiative 
gains of the investigated samples (“ A” and “ V”) in comparison to the 
reference material (“ ref”).

5.2.1. Temperature response
The Vikuiti-based sample (“ V”) exhibited qualitatively distinct ther-

mal behavior compared to the aluminum-based prototypes (“ ref” and 
“ A”), which demonstrated more similar trends reflecting their compa-
rable material composition. All samples showed sub-ambient surface 
temperatures during nighttime hours, with temperature rising from the 
onset of solar radiation (around 6:00 for the summer-warmest scenario 
and 8:00 for the winter one). The non-RC reference sample (“ ref”) 
consistently attained the highest surface temperature in all conditions, 
establishing a performance baseline. Sample “ A” showed intermediate 
behavior, with reduced superficial temperatures relative to “ ref” due 
to its slightly improved emittance profile from the SiO2-based coating. 
Sample “ V”, finally, demonstrated superior performance, maintain-
ing sub-ambient temperatures throughout the entire 24-h simulation 
period.

For instance, in average summer conditions with low convection 
(ℎ𝑐 = 5 W/m2K, Fig.  7a), sample “ V” achieved a sub-ambient cooling 
of −10 ◦C at around 13:00, when both solar irradiation and ambient 
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temperature were at their diurnal peaks. Under the same conditions, 
samples “ ref” and “ A” reached surface temperatures exceeding 𝑇𝑎𝑚𝑏 by 
21.4 ◦C and 17.1 ◦C, respectively. These results also confirmed the 
poor performance of sample “ A” compared to “ ref”: despite the material 
enhancement with SiO2 particles aimed at improving its selective RC 
potential, no sub-ambient cooling was observed — consistent with 
the low spectral peak within the AW documented by the spectral 
characterization (Section 2.2).

This performance, hierarchy persisted during the warmest day of 
the year (Fig.  8a). Despite higher absolute surface temperatures due to 
the higher ambient temperature profile, the relative cooling magnitude 
remained invariant: “ V” maintained −10 ◦C sub-ambient cooling, while 
“ ref” and “ A” reached + 23 ◦C and + 18 ◦C above ambient, respectively. 
Winter conditions (Fig.  9a) confirmed this consistency, underscoring 
the penalty incurred by non-adaptive high-emissivity materials during 
the cold seasons.

5.2.2. Influence of convective heat transfer
Temperature differences between ambient and samples surface sys-

tematically decreased with increasing ℎ𝑐 values. During daytime, ele-
vated convective heat transfer rates cooled the aluminum-based sam-
ples (“ ref” and “ A”) while paradoxically warming the Vikuiti-based 
sample (“ V”), whose surface remained persistently below 𝑇𝑎𝑚𝑏. Noc-
turnal convective exchange, instead, warmed all samples, approach-
ing thermal equilibrium with the surrounding air at high ℎ𝑐 condi-
tions, throughout both summer and winter cycles (Fig.  7b, 8b, 9b). 
This behavior reflects the fundamental mechanism governing heat ex-
change: when convective flux magnitude exceeds radiative flux magni-
tude (|𝑞𝑐 | > |𝑞𝑟|), surface temperature becomes primarily dependent 
upon ambient air temperature and wind speed rather than material 
spectral properties. Peak-hour analysis (Table  3) reveals this transition 
explicitly: samples “ ref” and “ A” are dominated by radiative exchange 
(|𝑞𝑐 | < |𝑞𝑟|) regardless of ℎ𝑐 value, whereas sample “ V” transitions 
toward convection-dominated behavior (|𝑞𝑐 | > |𝑞𝑟|). This distinction 
carries practical implications: the RC potential of “ V”, demonstrated 
at low wind speed (ℎ𝑐 = 5 W/m2) diminishes under high-convection 
scenarios. During the warmest day of the year, at peak conditions 
and high convection (ℎ𝑐 = 30 W/m2), sample “ V” achieved only 
−2.7 ◦C sub-ambient cooling, a reduction of 74% relative to the low-
convection case. Such convection-sensitivity underscores the necessity 
of accounting for local wind regimes in predicting the performance of 
RC applications.

5.2.3. Spectral analysis of radiative heat transfer
Focusing on the spectral distribution of radiative flux provides 

additional insights into the daytime RC potential of materials. As 
expected from the measured reflectance profiles (Section 2.2), all sam-
ples absorbed a portion of the incident solar radiation (0.25–2.5 μm). 
As highlighted in Table  3, sample “ ref” and “ A” concentrated ab-
sorbed solar energy within the VIS waveband (0.38–0.78 μm), whereas 
sample “ V” exhibited almost 100% reflectivity. Similarly, “ V” also 
showed the minimal absorption in the NIR (0.78–2.5 μm), confirming 
its effectiveness in rejecting solar thermal loads.

Performance differentiation intensified within the MIR spectrum (>
2.5 μm), particularly within the AW (8–13 μm). Under low convection 
(ℎ𝑐 = 5 W/m2K) and peak summer conditions, sample “ V” released 
89.7 W/m2 within the AW, exceeding the corresponding emission of 
“ ref” (16.4 W/m2) and “ A” (23.0 W/m2) by factors of 5.5 and 3.9 
respectively. Such substantial radiative loss translates into measurable 
thermal benefits: air cooling and superficial temperature reduction.

Beyond the AW, sample “ V” showed broadband emissivity across 
the extended MIR domain (2.5-8 μm and 13–20 μm), with out-of-
window (out-AW) radiative losses of 31.6 W/m2 under summer low 
wind speed, peaking at 34.6 W/m2 during the warmest day of the 
year. While radiative losses outside the AW are inherently less efficient 
– because of the interaction with the relatively warmer atmosphere 
rather than the cold sink of outer space – they nonetheless contribute 
beneficially to the net heat rejection of a surface, as the effective sky 
temperature remains well below ambient air temperature.
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Fig. 7. Average summer day: (a) Surface temperatures (𝑇𝑠𝑢𝑝) of the tested samples and corresponding differences with ambient air temperature (𝑇𝑎𝑚𝑏). (b) Heat 
flux components, i.e., convective (𝑞𝑐), radiative (𝑞𝑟), and net total (𝑞𝑛𝑒𝑡). (c) Spectral radiative exchanges within the solar range, the atmospheric window (AW, 
8–13 μmm), and outside the AW (2.5–8 μm and 13–20 μmm). Positive fluxes (> 0; gray shaded region) denote net heat absorption by the sample. Panels are 
shown for low, medium, and high convection scenarios (left to right).
6. Discussion over the developed FEM models

To further evaluate the capability of the developed FEM mod-
els of accurately reproducing the RC phenomenon, additional simu-
lations were performed using hypothetical broadband and selective 
emitters characterized by idealized emissivity spectra. The same numer-
ical framework was subsequently applied to investigate the influence of 
atmospheric transmittance on the RC performance, by running simula-
tions with three distinct atmospheric profiles representative of different 
climates and relative humidity levels.
9 
6.1. The effect of spectral distribution on the RC performance

To isolate the effect of different spectral properties on the RC 
phenomenon, the here-developed FEM models were applied on ideal-
ized selective (SRC) and broadband (BRC) radiative coolers (Fig.  11). 
Both materials were prescribed a fixed solar reflectance at 90%, while 
their MIR emittance was systematically varied across three levels: low 
(𝜀 =30%), medium (𝜀 =65%) and high (𝜀 =100%). For SRCs, emissivity 
outside the AW was set to 10%, optimizing the emission only within the 
8–13 μm waveband. BRCs, conversely, maintained constant emittance 
profile across the full 2.5–20 μm spectral range. Simulations replicated 
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Fig. 8. Peak temperature day: (a) Surface temperatures (𝑇𝑠𝑢𝑝) of the tested samples and corresponding differences with ambient air temperature (𝑇𝑎𝑚𝑏). (b) Heat 
flux components, i.e., convective (𝑞𝑐), radiative (𝑞𝑟), and net total (𝑞𝑛𝑒𝑡). (c) Spectral radiative exchanges within the solar range, the atmospheric window (AW, 
8–13 μmm), and outside the AW (2.5–8 μm and 13–20 μmm). Positive fluxes (> 0; gray shaded region) denote net heat absorption by the sample. Panels are 
shown for low, medium, and high convection scenarios (left to right).
the average summer day of previous analyses under low-convection 
conditions (ℎ𝑐=5 W/m2K).

As shown Fig.  12, a pronounced dependence between material 
emissivity and surface temperature (𝑇𝑠𝑢𝑝) was demonstrated, with per-
formance divergence between n SRC and BRC designs increasing sys-
tematically with spectral selectivity. At low emissivity (Fig.  12, top-left 
panel), both radiative emission and sub-ambient cooling capacity were 
limited, resulting in a relatively high surface temperature. However, 
even under these conditions, the BRC material achieved a 𝑇𝑠𝑢𝑝 approx-
imately 3.3 ◦C lower than the SRC equivalent at peak solar loading, 
thanks to its broader radiative capacity. Such baseline advantage be-
came more pronounced as emissivity increased: at ideal conditions 
of 𝜀 =100% (Fig.  12, top-right panel), BRC achieved maximum sub-
ambient cooling with a temperature drop of 14.4 ◦C relative to 𝑇 , 
𝑎𝑚𝑏
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compared to 11.2 ◦C for the SRC configuration. This directly correlates 
with enhanced net radiative heat loss rates (negative 𝑞𝑟 values), which 
were larger for BRCs through the whole simulated day. This enhance-
ment stems from their capability of emitting not only within the AW, 
but also in the outer spectrum (2.5–8 μm and 13–20 μm), increasing 
total radiative dissipation.

The heat flux decomposition (Fig.  13) reveals the main differences 
in how SRCs and BRCs exploited their spectral properties to achieve 
RC:

– SRCs concentrated their emissive power almost exclusively within 
the AW waveband, with minimal contributions outside it. Under 
all three emissivity conditions, SRC thermal output scaled linearly 
with 𝜀 values, optimizing radiative loss toward the cold outer 
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Fig. 9. Average winter day: (a) Surface temperatures (𝑇𝑠𝑢𝑝) of the tested samples and corresponding differences with ambient air temperature (𝑇𝑎𝑚𝑏). (b) Heat 
flux components, i.e., convective (𝑞𝑐), radiative (𝑞𝑟), and net total (𝑞𝑛𝑒𝑡). (c) Spectral radiative exchanges within the solar range, the atmospheric window (AW, 
8–13 μmm), and outside the AW (2.5–8 μm and 13–20 μmm). Positive fluxes (> 0; gray shaded region) denote net heat absorption by the sample. Panels are 
shown for low, medium, and high convection scenarios (left to right).
space and making them ideal under clear sky conditions, as 
marked by Raman et al. [33].

– BRCs exhibited broadband emission characteristics, with substan-
tial out-AW band radiation. Although portions of this radiation 
are subject to reabsorption by atmospheric water vapor and CO2, 
the energetic advantage of enhanced total radiative capacity en-
ables BRCs to maintain effective cooling across a broader range 
of outdoor environmental conditions, as observed by Gentle and 
Smith [56].

Both SRC and BRC materials absorbed incident solar radiation across 
the UV/VIS/NIR range (0.25–2.5 μm), introducing a thermal load that 
generally scales inversely with solar reflectance properties. Under the 
simulated low-convection scenario, since 𝑇 > 𝑇  because of the 
𝑎𝑖𝑟 𝑠𝑢𝑝
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enhanced radiative cooling, a convective heating mechanism occurred. 
Cooler surfaces draw sensible heat from the warmer surrounding air, 
an effect that intensified as sub-ambient cooling increased. Such phe-
nomenon was most pronounced at high emissivity (𝜀 = 100%), where 
the deepest temperature drop maximized the driving gradient for con-
vective energy uptake. This interplay between radiative cooling and 
convective gain underscores the importance of modeling integrated 
heat transfer pathways.

6.2. The effect of atmospheric transmittance

To finally assess how atmospheric conditions modulate the RC per-
formance, and in particular the impact of atmospheric transmittance, 
the FEM model for the SRC-high and BRC-high materials of Section 6.1 
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Fig. 10. Heatmaps of cooling gains relative to the “ ref” sample for the “ V” and “ A” samples: (a) cooling performance gains and (b) spectral radiative contributions. 
Horizontal separators indicate different convective heat transfer coefficients. Negative values correspond to enhanced cooling performance.

Fig. 11. Emittance profiles for the selective (SRC, on the left) and broadband (BRC, on the right) hypothetical materials considered to further test the reliability 
of the FEM models.
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Table 3
Maximum superficial temperature (𝑇𝑚𝑎𝑥) and corresponding convective (𝑞𝑐) and radiative (𝑞𝑟) fluxes exchanged between 
the samples and the surrounding during the simulated summer, warmest and winter days. The radiative flux 𝑞𝑟 is resolved 
into distinct spectral bands: UV (0.25–0.38 μm), VIS (0.38–0.78 μm), NIR (0.78–2.5 μm), AW (8–13 μm), and out-AW 
(2.5–8 μm and 13–20 μm).
 ℎ𝑐 𝑇𝑚𝑎𝑥 𝑞𝑐 𝑞𝑟 [W/m2]
 [◦C] [W/m2] UV VIS NIR AW out-AW tot  
 

5 W
/m

2 K

ref
summer 50.7 −107.4 24.1 103.15 40.4 −16.4 −19.0 132.3 

 warmest 59.4 −116.2 26.8 114.8 45.0 −18.4 −21.9 146.4 
 winter 12.9 −13.9 5.9 25.3 9.9 −8.8 −8.9 23.5  
 

A
summer 46.6 −87.9 22.6 88.9 46.6 −23.0 −21.0 114.0 

 warmest 54.1 −88.9 23.3 91.8 48.1 −25.6 −23.8 113.9 
 winter 11.1 −10.7 7.0 27.7 14.5 −12.8 −10.0 26.5  
 

V
summer 19.5 50.6 52.9 7.7 18.5 −89.7 −31.6 −42.2 

 warmest 25.3 54.8 60.0 8.7 21.0 −98.6 −34.6 −43.5 
 winter −2.9 59.8 17.8 2.6 6.2 −59.2 −20.4 −52.9 
 

12
 W
/m

2 K

ref
summer 39.6 −120.7 23.3 100.0 39.2 −13.7 −13.6 135.0 

 warmest 46.8 −137.6 27.6 118.2 46.3 −15.2 −15.4 161.5 
 winter 11.4 −27.1 7.7 33.0 12.9 −8.6 −8.2 36.9  
 

A
summer 37.3 −91.0 20.0 78.7 41.2 −19.8 −16.0 104.2 

 warmest 45.1 −106.4 23.8 93.5 49.0 −22.2 −18.2 125.8 
 winter 10.8 −17.9 7.2 28.1 14.8 −12.7 −9.8 27.5  
 

V
summer 23.9 70.0 50.3 7.3 17.6 −97.8 −41.3 −63.9 

 warmest 30.1 −74.9 58.7 8.5 20.5 −108.0 −45.6 65.9  
 winter 2.9 75.9 18.0 2.6 6.3 −67.7 −30.0 −70.7 
 

30
 W
/m

2 K

ref
summer 33.3 −136.3 24.8 106.0 41.5 −12.3 −11.0 148.9 

 warmest 40.9 −135.5 25.3 108.0 42.3 −13.8 −12.9 148.9 
 winter 10.4 −7.6 4.1 17.4 6.8 −8.4 −8.2 11.7  
 

A
summer 32.5 −113.6 22.8 89.6 47.0 −18.2 −13.2 128.0 

 warmest 40.1 −109.5 22.9 90.0 47.1 −20.4 −15.4 124.1 
 winter 10.2 0.2 3.7 14.7 7.7 −12.6 −10.0 3.5  
 

V
summer 26.8 92.9 43.2 6.3 15.1 −103.4 −49.4 −88.1 

 warmest 33.4 90.1 57.6 8.4 20.1 −114.7 −53.6 −82.1 
 winter 6.8 101.5 9.3 1.4 3.2 −73.7 −38.8 −98.6 
was applied to the average summer day of three representative cli-
mates. Each of them was characterized by distinct air temperature and 
solar irradiation profiles (𝑇𝑎𝑚𝑏 and 𝐼𝑠𝑜𝑙, Fig.  14a–c) and, of course, by 
different longwave atmospheric transmittance profiles (𝜏𝑎𝑡𝑚, Fig.  14d). 
The selected scenarios reproduced: (i) a hot dry climate with high 
AW transmittance and relatively low water vapor content, (ii) a very 
hot humid climate, where water vapor absorption strongly attenuates 
the 8–13 μm window, and (iii) a cold dry climate with slightly lower 
ambient temperatures but enhanced longwave transparency, not only 
within the AW but even in the 16–20 μm range.

𝑇𝑎𝑚𝑏 and 𝐼𝑠𝑜𝑙 profiles were derived from the PVGIS typical meteoro-
logical year generator, i.e., a tool that generates a 1-year hourly data 
file for a given location, according to the ISO 15927-4 procedure [57]. 
The average summer day was obtained by calculating the hourly mean 
values of 𝑇𝑎𝑚𝑏 and 𝐼𝑠𝑜𝑙 from June 1 to August 31. For 𝜏𝑎𝑡𝑚 spectral dis-
tributions, instead, the predefined atmospheric profiles of the radiative 
transfer model SBDART were used, as described in Section 4.3. In this 
part of the study, the hot dry (𝑖𝑑𝑎𝑡𝑎𝑚 6), very hot humid (𝑖𝑑𝑎𝑡𝑎𝑚 1) 
and very cold (𝑖𝑑𝑎𝑡𝑎𝑚 5) profiles were considered, referring to Tucson 
(AZ), Miami (FL) and International Falls (MN) climate, respectively 
(Fig.  14d).

The surface temperature (𝑇𝑠𝑢𝑝) evolution reported in Fig.  15a con-
firms that the RC effectiveness is maximized under conditions of high 
atmospheric transparency. In the hot dry climate, both SRC-high and 
BRC-high surfaces maintained 𝑇𝑠𝑢𝑝 below ambient temperature 𝑇𝑎𝑚𝑏
during the whole average summer day, with cooling reductions of 
∼13 ◦C and ∼16 ◦C around 13:00, respectively. Conversely, in the very 
hot humid climate, despite a comparable 𝑇𝑎𝑚𝑏 profile, the attainable 
superficial temperature reduction was attenuated, with sub-ambient 
cooling of ∼8 ◦C for the SRC material and ∼11 ◦C for the BRC proto-
type. This behavior directly reflects the diminished MIR transmittance 
of the atmosphere in case of a higher content of water vapor in the 
air, which limits radiative heat rejection to the sky. Under the cold dry 
climate, SRC-high behave very similar to the hot dry scenario (∼13 ◦C
13 
below 𝑇𝑎𝑚𝑏, at 13:00), while BRC-high doubled the temperature dis-
tance from the selective counterpart, reaching up to −19 ◦C below 
ambient temperature. This is attributable to the higher transparency of 
the cold dry climate atmosphere in the 16–20 μm region, in comparison 
to the lower profile of the hot dry climate. That part of the spectrum, 
indeed, affects the radiative transfer of a broadband emitter with the 
sky, while does not impact the performance of a selective emitter.

Looking at Fig.  15b,c and Fig.  16 it is evident how, across all the 
investigated climates, the radiative term 𝑞𝑟 generally dominates the net 
heat balance, confirming that atmospheric transmittance is a significant 
limiting factor for RC performance. In the hot dry climate, the emitted 
radiative flux within the AW (𝑞𝑟−AW) was only partially counter-
balanced by the absorbed solar radiation (𝑞𝑟−UV +𝑞𝑟−VIS +𝑞𝑟−NIR) 
and convective flux (𝑞𝑐), resulting in a negative net heat flux (𝑞𝑛𝑒𝑡). 
In humid conditions, the reduced 𝑞𝑟−outAW component significantly 
diminished the cooling potential, even though the absorbance in the 
solar spectrum remained unchanged. This highlighted a crucial point: 
improving material spectral properties alone is insufficient when atmo-
spheric transparency is low, as the sky effectively acts as a radiative 
barrier.

7. Conclusions

This study developed and validated FEM models to investigate 
the RC potential of three case-study materials under realistic outdoor 
conditions, providing new insights into their thermal behavior across 
different seasons, convective regimes, and spectral domains.

The models, first verified through controlled climatic chamber 
tests, offered a strong reliability for extrapolation to outdoor scenarios 
(measured-simulated temperature deviation below 0.3 ◦C). Results 
revealed marked differences in the thermal response of the investi-
gated materials. The reference aluminum sample (“ ref”) consistently 
exhibited the highest surface temperatures, confirming its non-RC 
nature. The SiO2-coated aluminum sample (“ A”) showed minor im-
provement due to its enhanced layer structure. In stark contrast, 
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Fig. 12. Average summer day: (a) Surface temperatures (𝑇𝑠𝑢𝑝) of the investigated SRCs and BRCs and corresponding differences with ambient air temperature 
(𝑇𝑎𝑚𝑏). (b) Heat flux components, i.e., convective (𝑞𝑐), radiative (𝑞𝑟), and net total (𝑞𝑛𝑒𝑡). (c) Spectral radiative exchanges within the solar range, the atmospheric 
window (AW, 8–13 μmm), and outside the AW (2.5–8 μm and 13–20 μmm). Positive fluxes (> 0; gray shaded region) denote net heat absorption by the sample. 
Panels are shown for low, medium, and high emissivity profiles (left to right).
the Vikuiti-based sample (“ V”) achieved sustained sub-ambient tem-
peratures under summer, extremely hot, and winter conditions. In 
particular, the achievement of a substantial sub-ambient cooling of 
−10 ◦C during the simulated warmest day of the year, with a low 
convection coefficient (ℎ𝑐), underscored the high potential of “ V” 
material for passive RC applications.

The analysis of convective, radiative and net total heat fluxes indi-
cated that while radiative processes dominated for the aluminum-based 
samples (“ ref” and “ A”), convective effects became significant for the 
Vikuiti-based material, especially under higher ℎ𝑐 values. For instance, 
the reduction in sub-ambient cooling for sample “ V” went from −10 ◦C
under low convection to −2 ◦C under high convection in peak summer 
conditions, emphasizing the need to consider local wind regimes when 
assessing the real-world effectiveness of RC materials. The spectral 
14 
analysis of the radiative flux corroborated these trends, linking the 
enhanced cooling of “ V” (over four times greater than that of “ A”) to 
high solar reflectivity and strong broadband emittance.

The here-developed FEM framework is a flexible tool capable of ac-
commodating arbitrary combinations of materials’ physical properties, 
together with different spectral and convective boundary conditions. It 
is, therefore, a promising basis for broader, systematic evaluations of 
RC materials across diverse design spaces and climatic contexts. In this 
work, the same FEM model was further applied to idealized selective 
(SRC) and broadband (BRC) emitters, in order to deeper investigate the 
impact of spectral selectivity on the overall RC performance. Under 
identical solar reflectance and low-convection summer conditions, a 
systematic divergence between SRC and BRC designs was demonstrated 
as emissivity increased. At ideal maximum emissivity (𝜀 = 100%), 
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Fig. 13. Net total (𝑞𝑛𝑒𝑡), convective (𝑞𝑐) and radiative (𝑞𝑟) fluxes exchanged between the investigated SRCs and BRCs and the surrounding during the simulated 
average summer day. The radiative flux 𝑞𝑟 is resolved into distinct spectral bands: UV (0.25–0.38 μm), VIS (0.38–0.78 μm), NIR (0.78–2.5 μm), AW (8–13 μm), 
and out-AW (2.5–8 μm and 13–20 μm).
Fig. 14. Ambient temperature (𝑇𝑎𝑚𝑏) and solar irradiation (𝐼𝑠𝑜𝑙) profiles of the (a) hot dry, (b) very hot humid, and (c) cold dry climates selected to investigate 
the impact of different atmospheric transmittance profiles on the RC phenomenon. (d) Atmospheric transmittance (𝜏𝑎𝑡𝑚) profiles relative to the three climates.
BRCs achieved a sub-ambient cooling of 14.4 ◦C compared to 11.2 ◦C
for SRCs, owing to the larger net radiative loss throughout the day. 
Again, simulations highlighted the interplay between radiative cooling 
and induced convective heat gains as surface temperatures fell below 
ambient. Future work should focus on extending the parametric analy-
sis to materials with markedly different thermophysical characteristics 
and multilayer configurations. In parallel, the current restriction to 
a horizontal surface under unobstructed sky should be generalized 
to arbitrary orientations and more complex surrounding geometries. 
This will include the introduction of view-factor-based descriptions of 
15 
radiative exchange with neighboring structures and the assessment of 
tilted systems, ultimately moving the tool toward a more comprehen-
sive support for the integration of radiative cooling materials in real 
building and urban environments.

Finally, by incorporating atmospheric transmittance profiles rep-
resentative of different climates (hot dry, very hot humid, and cold 
dry), the FEM model successfully captured the modulation of RC ef-
fectiveness by humidity, water vapor content, and longwave trans-
parency. Cooling was maximized under dry, high-transmittance con-
ditions and attenuated in humid atmospheres. In cold dry climates, 
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Fig. 15. Typical summer day: (a) Surface temperatures (𝑇𝑠𝑢𝑝) of the investigated SRC-high and BRC-high samples and corresponding differences with ambient air 
temperature (𝑇𝑎𝑚𝑏). (b) Heat flux components, i.e., convective (𝑞𝑐), radiative (𝑞𝑟), and net total (𝑞𝑛𝑒𝑡). (c) Spectral radiative exchanges within the solar range, the 
atmospheric window (AW, 8–13 μmm), and outside the AW (2.5–8 μm and 13–20μmm). Positive fluxes (> 0; gray shaded region) denote net heat absorption by 
the sample. Panels are shown for hot dry, very hot humid, and very cold dry climate conditions (left to right).
broadband emitters benefited from enhanced transparency beyond the 
AW (16–20 μm), achieving surface temperatures up to 19 ◦C below 
ambient. In conclusion, this study demonstrates the effectiveness of 
validated FEM models as a powerful and flexible tool for the com-
prehensive analysis of radiative cooling materials. The novelty of the 
approach lies in its capability to investigate RC mechanisms in detail 
while accounting for different atmospheric conditions and materials’ 
properties, without resorting to computationally intensive radiative 
transfer solvers.

On the other hand, while the modeling results highlight the strong 
theoretical potential of RC materials under favorable atmospheric and 
convective conditions, they should not be interpreted as a direct indica-
tion of immediate large-scale applicability. Practical deployment in the 
16 
built environment requires careful consideration of additional factors, 
including long term durability of optical properties, material aging 
and soiling, different environmental boundary conditions (e.g., cloudy 
sky), economic viability, and compatibility with conventional con-
struction systems and building envelopes. The FEM framework pre-
sented here is intended as a predictive and comparative tool to support 
material design and climate-specific optimization, rather than as a 
substitute for full-scale experimental validation and techno-economic 
assessment. Future work should therefore couple the proposed model-
ing approach with durability testing, building-scale integration studies 
and more advanced atmospheric and/or meteorological datasets to 
more comprehensively assess the real-world feasibility of radiative 
cooling technologies.
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Fig. 16. Net total (𝑞𝑛𝑒𝑡), convective (𝑞𝑐) and radiative (𝑞𝑟) fluxes exchanged between the investigated SRC-high and BRC-high and the surrounding during the 
simulated typical day of hot dry, very hot humid and cold dry climate. The radiative flux 𝑞𝑟 is resolved into distinct spectral bands: UV (0.25–0.38 μm), VIS 
(0.38–0.78 μm), NIR (0.78–2.5 μm), AW (8–13 μm), and out-AW (2.5–8 μm and 13–20 μm).
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