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Passive cooling of buildings under sunlight can be achieved by enhanced coating reflectance. Embedding
micro/nano-sized objects, such as nanoparticles, in a lossless material like a polymer, may serve the pur-
pose of reflecting the desired spectrum. The knowledge of the behavior of pigments in the infrared region
is therefore a critical factor in formulating coatings to specific requirements. Finite-difference time-
domain (FDTD) simulations, which can simulate the propagation of electromagnetic waves in a medium,
were here used to investigate the influence of nanoparticle additives on coatings reflection and to explore
the corresponding working principles to reveal coatings with high level of reflectance. The numerical
simulations demonstrate the reflective behavior in the coating material, showing that embedded tita-
nium dioxide (TiO2) nanoparticles can significantly improve the reflectance of coatings with maximum
values of around 0.9 in average and 0.7 in the infrared for 250 nm radius and 50% particle volume frac-
tion. Furthermore, the reflectance improvement saturates around 100 lm coating thickness. The numer-
ical values are also shown to model experimental results.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

A large amount of energy is consumed for the heating and cool-
ing of the interior space of buildings, resulting in substantial
energy consumption and greenhouse gas emissions. Thermal com-
fort in residential buildings has a large influence on the energy
demand. According to the EU report in 2018 [1] about 63.6% of
the final energy consumption attributed to the residential house-
holds (26.1% of the total final energy in European Union) is directed
to heating and cooling, for occupant’s thermal comfort. One impor-
tant factor to consider is that the indoor temperature increases
when the exterior surfaces are exposed to solar radiation, leading
to large refrigeration requirements to maintain the dwellings com-
fort (Fig. 1). Since infrared radiation (i.e. wavelength higher than
700 nm) accounts for 50% of solar energy reaching the Earth at
sea level (inset of Fig. 1), the ability to reflect radiation in this spec-
tral region is critical. On the other hand, the ultraviolet region
(200–400 nm) and the visible band (400–720 nm) represent only
5% and 45% of the total solar energy, respectively [2]. One solution
for this issue, without external energy inputs, is through insulation
methods, such as insulating materials [3], energy storage systems
with phase change materials [4] or reflective coatings [5]. The last
option is the most convenient and reliable, since reflective coatings
can be applied on the surface of the building, not affecting the orig-
inal properties [6]. In fact, it was already shown that this method
can reduce the external surface temperature by over 10�C [7].

Passive daytime radiative cooling under sunlight can be
achieved by embedding micro/nano-sized objects into a binder,
such as nanoparticles [8], fibers [9] or nanoplates [10] distributed
in a lossless material like a polymer, reflecting the desired spec-
trum. The nanoparticles will act as scattering medium for the inci-
dent light, increasing the optical path length in the active layer. The
scattering efficiency depends on the particle size [11], interparticle
separation and the refractive index contrast between the particles
and the embedding medium [12]. Thus, choosing an additive with
a high dielectric constant or a support material with a low one is
reasonable to obtain a high scattering rate. Some of these reflective
coatings are based on organic pigments, which are easily aged,
while most inorganic pigments contain hazardous metals (e.g.,
cobalt, chromium, cadmium), restricted by environmental regula-
tions. On the other hand, titanium dioxide (TiO2) exhibiting a high
dielectric constant is an ideal candidate to be used as thermal coat-
ing additive [13].

These coatings can also be pigmented to the desired color and
according with the application using different materials (e.g.,
Cr2O3 for green [14], NiAl2O4 greenish-blue [15], CoAl2O4 intense
blue [16], NiTiO3 yellow [17], LaFeO3 orange [18] and BiFeO3 for
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Fig. 1. Schematic diagram of a building with reflective coating under sunlight. The inset shows the solar radiation spectrum at the top of the atmosphere (black) and filtered
at sea level (blue) [Solar spectral irradiance at air mass 1.5 (AM 1.5) collected from American Society for Testing and Materials (ASTM). Standard: ASTM G-173-03].
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dark brown [19]). Knowledge on the behavior of pigments in the
infrared region is a critical factor in formulating coatings to specific
requirements [20], so that one must characterize in detail the per-
formance of coatings and nanoparticles [13]. In particular, TiO2-
based materials have attracted a lot of interest from the industry,
including the construction sector, due to their unique characteris-
tics, such as high chemical stability, low cost, low toxicity and
availability. There are already experimental studies on this subject
using TiO2 nanoparticles as a dopant in coatings [21]. Most studies
are focused on the self-cleaning, anti-bacterial, thermal perfor-
mance and several properties based on its photocatalytic capacity
[22,23]. Coatings based on such nanoparticles are already used to
reduce the effect of latent heat on the total heat flux in heat pipes
[24] and it was shown that implementing a TiO2-based water film
in the external building surface can reduce the surface temperature
of the wall by 2 to 7�C [25]. Song et al. studied the particle size dis-
tributions of three commercial TiO2 (280, 360 and 410 nm) pig-
ments and analyzed their influence in the optical properties of
acrylic-based coatings [26]. It was observed that, by increasing
the particle size, the visible and solar reflectance of the coatings
decreased. Piri et al. characterized the spectral reflectance, absorp-
tion and transmittance of different substrates coated with TiO2

nanoparticles with different sizes (35, 120 and 250 nm) and several
particle volume fractions (0.1, 0.5, 1, 5 and 10 wt.%), showing that,
despite absorbing light in the UV region, TiO2 nanoparticles reflect
the most in VIS and NIR regions [27]. Furthermore, Baneshi et al.
investigated the effects of the application of standard (200 nm)
and optimized TiO2 (800 nm) white coatings in a roof to reduce
the temperature in buildings [28]. These authors stated that the
maximum reduction achieved in annual cooling load demand
was of approximately 37% for 200 nm and 31% for 800 nm TiO2.
Shen et al. also observed that higher content of nanoparticles result
in greater reflectance and thermal insulation, as well as improved
wash resistance and film adhesion [29].

The finite-difference time-domain (FDTD) method is a widely
used technique for solving Maxwell’s equations at different points
in space [12,30]. This is specially relevant when the size of the scat-
tering particles is comparable to the wavelength of the light (Mie
scattering solution). Furthermore, it is a proven and stable tech-
nique in a broad range of frequencies with smaller computational
cost. Some simulation works already explored nanoparticle combi-
2

nations (TiO2+SiC) on black painted aluminum [31], titanium oxide
and carbon black double-layer nanoparticles [32], TiO2 with ZnO
[33] and TiO2 with/without voids in a polymer [34] and acrylic [35].

However, to our knowledge, no systematic study involving both
particle radius and particle volume fraction has been performed.
Thus, here, numerical analyses were performed to predict the
reflective properties of nanoparticle-dispersed polymers consider-
ing the effects of major factors such as particle size, particle vol-
ume fraction and layer thickness. The objective of this study is to
use FDTD to characterize the reflective performance of coatings
with different additive properties in order to evaluate the best con-
ditions to obtain a high reflective coating. The performances of
homogeneous acrylic and acrylic with TiO2 (nanoparticles) coat-
ings are obtained and critically compared. The influence of the size
and particle volume fraction of these nanoparticles, as well as coat-
ing thickness, on the total reflectance is studied as a major step in
providing guiding instructions for novel designs of optimized
reflective coating materials. We further compare our results with
experimental measurements.
2. Methodology

The finite-difference time-domain (FDTD) method was imple-
mented using MEEP [36]. The FDTD method divides space and time
into a finite rectangular grid, with second-order accuracy, storing
different field components at different grid locations. This dis-
cretization is known as a Yee lattice and Meep automatically per-
forms a linear interpolation of the field components and stores
them for different grid locations. Although simulations of three
dimensional (3D) structures provide more reliable results, because
of the computational cost, and since this problem involves static iso-
tropic (spherical/cylindrical) objects and the propagation of light
coming from the vertical direction,which is invariant in the longitu-
dinal direction, being the results identical at any2Dcross section,we
performed two dimensional (2D) FDTD simulations with transverse
electric (TE) polarization. This implies that the exact values here
obtained cannot be directly compared with experimental measure-
ments, but the overall tendency is valid. Two models were con-
structed to represent the homogeneous and the TiO2-embedded
acrylic coatings, as shown by the schematic drawing in Fig. 2(a).
The acrylic paint is described by a block (xy-plane; gray color) with



Fig. 3. Reflectance as a function of coating thickness without nanoparticles (acrylic
and TiO2 homogeneous medium) and for nanoparticles of 100 nm radius at a fixed
particle volume fraction of 20%. The inset shows the average reflectance as a
function of the coating thickness [open symbols for the homogeneous acrylic
(square symbol) and TiO2 (star symbol) layers].
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relative dielectric constant equal to 2.5 [Fig. 2(b)]. The TiO2 particles
are defined by spheres (orange color) with relative dielectric con-
stant equal to 9 (giving a refractive index contrast of
m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

9=2:5
p ’ 1:9). A Gaussian source (red line), representing the

incident light,is placedabove theacrylic blockwithdownwardprop-
agation (y-direction). The top and bottom boundaries (y-direction)
of the simulationbox are set as perfectmatching layer (PML; oblique
lines) to absorb electromagnetic waves, simulating a semi-infinite
substrate. The left and right boundaries (x-direction) are set as peri-
odic (vertical dashed lines), to simulate an infinite surface. A flux
counter is placed on the top surface of the block (blue line), to calcu-
late the reflected radiation. The reflectance is independent of the
height of both the source and theflux recorder, provided that the lat-
ter is between the block and the source. The simulation is performed
forwavelengths ranging from300 to 2500 nm (solar spectrum)with
a resolution of 50 pixels/lm. The nanoparticles are randomly placed
inside the acrylic. Each result shownhere results from the average of
2–3 simulations for statistical accuracy, with an oscillation on aver-
age below 5% between them.

As it is common for simulations involving solar radiation, the
reflectance/transmittance spectra was computed using the stan-
dard procedure involving two separate calculations: the first to
obtain the input power and the second for the scattered power.
This means that an initial simulation is run with only air in the
FDTD cell medium to calculate the incident flux and, afterwards,
the reflected flux is calculated with the complete structure, as it
is represented in the flowchart of Fig. 2(c). The reflectance (R) is
calculated by dividing the reflected flux (/reflected) over the incident
flux (/incident), as

R ¼ /reflected

/incident
: ð1Þ

Note that the reflected/transmitted power can be obtained by
simply multiplying the reflectance/transmittance (a fractional
Fig. 2. Schematic diagram of (a) a pigmented coating using spherical/circular nanoparticl

3

quantity) by the solar spectrum (a dimensionless quantity; inset
of Fig. 1). For clarity, we show here just the reflectance results.
3. Results

3.1. Coating thickness

Fig. 3 shows the reflectance for different coating thicknesses
(1 lm–1 mm) with and without nanoparticles. As expected, the
es, (b) the 2D FDTD cell (cross-section), and (c) the flowchart of the simulation steps.
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reflectance without nanoparticles (homogeneous acrylic or TiO2

layers) is independent of the thickness (dashed and dotted lines
shows all the overlapping curves). Note that, as the simulations
were performed in 2D, the reflectance does not match the analyt-
ical results arriving from the solution of the Fresnel equations (ap-
proximately 0.25), since the light source does not include all
Fig. 4. Reflectance as a function of the wavelength for nanoparticles of radius (a,b) 20 nm
50 and 70%).

4

polarization components, only the P polarization (TE mode;
approximately 0.15). Nevertheless, we consider this method to be
a good compromise between computational resources and qualita-
tive behaviors. The introduction of TiO2 nanoparticles in the acrylic
layer (100 nm radius at a fixed particle volume fraction of 20%)
immediately leads to the increase of the reflectance. It is interest-
, (c,d) 50 nm and (e,f) 500 nm at different particle volume fractions (8, 10, 12, 20, 35,
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ing to note that the reflectance of the homogeneous TiO2 layer is
higher than that of the thinner coating (1 lm) with TiO2 nanopar-
ticles, but for the same thickness (40 lm), the nanoparticles result
in a reflectance increase of more than two times.

Overall, we observe that the reflectance increases with increas-
ing coating thickness up to a maximum value (100 lm), after
which it remains constant in average, as also observed by the sat-
uration in the calculated average reflectance (inset of Fig. 3). This
shows that the reflectance cannot be continuously increased sim-
ply by increasing the coating thickness. A possible explanation
for this is the increase in the absorption due to the higher scatter-
ing path or even an increase in transmittance due to multiple scat-
tering. An increase of the reflectance with the increase of TiO2

pigmented coatings thickness was indeed experimentally observed
up to 40 lm [37,38].
Fig. 5. Reflectance as a function of the wavelength for different nanoparticles radius
(100, 250 and 2500 nm) and particle volume fractions (10, 20, 50 and 70%).
3.2. Particle size and volume fraction

To probe how the optimum reflection at different wavelengths
depends on the particle size, we performed a systematic study of
the reflectance as a function of nanoparticle radius, for different
particle volume fractions. The radius of the TiO2 nanoparticles ran-
ged from 20 nm to 2.5 lm at particle volume fractions of 8, 10, 12,
20, 35, 50 and 70%, relatively to the acrylic content for a 40 lm
total thickness.

These results are shown in Fig. 4 in the form of 2D heatmaps
[Figs. 4(a,c,e)] for 20, 50 and 500 nm radius nanoparticles, where
high reflectances are represented in warm colors and low reflec-
tances in cold colors. We also highlight three particle volume frac-
tions with different behaviors [Figs. 4(b,d,f)], namely a low particle
volume fraction (10%) with low reflectance, the particle volume
fraction with maximum reflectance (50%) and a particle volume
fraction above this value (70%).

From Figs. 4(a,c,e) we see that the smaller particles (20 and
50 nm radius) have higher reflectances at lower wavelengths, cor-
responding mainly to the UV and VIS regions, whereas the maxi-
mum reflectances for the 500 nm radius particles is shifted to
the IR region. Looking at the complete spectrum, larger nanoparti-
cle sizes ensure reflectances always above 0.5, while reflectance
can be as low as 0.1 (similar to the case without nanoparticles),
for the smaller sizes at high wavelengths. This increase of the
reflectance in the IR region with the nanoparticle size increase is
in agreement with the experimental results obtained for TiO2 coat-
ings from a few dozen nanometers up to the micrometer diameter
scale [26,27,37,39,40]. All the represented sizes show a maximum
reflectance at a particle volume fraction of 50%, decreasing after
that value [Figs. 4(b,d,f)].

We performed the same study for larger nanoparticles (100 nm,
250 nm and 2.5 lm radius) at 10, 20, 50 and 70% (Fig. 5). For these
radius and particle volume fractions the reflectance is rather con-
stant in the entire spectrum, with the bigger particles (2.5 lm)
always showing a lower reflectance and the 250 nm radius show-
ing the higher overall reflectance. Having the 500 nm radius as a
comparison point [Figs. 4(e,f)], a slight increase is observed for
250 nm at all particle volume fractions, but the 100 nm and
2.5 lm cases show a progressive decrease.

It is interesting to note that, independently of the radius, the
reflectance steadily increases with particle volume fraction up to
50%. The same overall trend was also experimentally observed
although up to 30 wt% likely due to agglomeration [26,39]. For
example, an increase on the volume fraction of 500 nm nanoparti-
cles from 10 to 50% represents a gain in the reflectance of 20% (0.6
to 0.8). For the largest particles (2.5 lm) the same increase is
observed, but at lower reflectance magnitudes (0.3 to 0.5). This lar-
ger radius shows the smaller reflectance for all particle volume
5

fractions, which indicates that the nanometer range is better for
reflectance improvement.

3.3. Average reflectance and color

To better quantify the reflectance, the integral over the entire
spectrum divided by the wavelength range gives us the average
reflectance as

Raverage ¼
R 2:5
0:3 RðkÞdk
0:3� 2:5

; ð2Þ

where k is the wavelength and the average reflectance, Raverage, is
calculated for the complete range (0.3–2.5 lm). To take into
account the solar spectral irradiance [AM 1.5; LðkÞ], we also calcu-
lated the weighted reflectance over a certain wavelength range
(kmin � kmax) as

Rweighted ¼
R kmax

kmin
RðkÞLðkÞdk

R kmax

kmin
LðkÞdk

; ð3Þ

for UV (0.3–0.4 lm), VIS (0.4–0.7 lm) and IR (0.7–2.5 lm) regions.
The integral over a certain wavelength range divided by the

overall spectrum integral (0.3–2.5 lm) gives the percentage of
the total reflectance in that range

R% ¼
R kmax

kmin
RðkÞdk

R 2:5
0:3 RðkÞdk

: ð4Þ

These quantities are shown in Figs. 6(a) and 6(b), respectively. The
horizontal lines in the left panel of Fig. 6(a) show the reflectances
for the case of homogeneous acrylic and TiO2 mediums (no
nanoparticles). Also, the reflectance of homogeneous mediums with
intermediate dielectric constants would be enclosed between those
of the homogeneous TiO2 and acrylic layers (not shown). It is clear
that the presence of the TiO2 nanoparticles in the acrylic matrix
always results in an improved reflectance above 10% particle vol-



Fig. 6. (a) Total averaged reflectance (including homogeneous acrylic and TiO2

layers; left) and UV, VIS and IR weighted at 20% particle volume fraction (right) as a
function of particle radius. (b) Partial UV, VIS and IR reflectances as a function of the
nanoparticle radius and particle volume fraction (10, 20, 50 and 70%).

Fig. 7. Color coordinates of pigmented coatings for different radius at 20% particle
volume fraction.
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ume fraction and even at 10% except for 20 nm and 2.5 lm radius.
We observe that, for all particle volume fractions, the maximum in
the average reflectance is obtained for the 100–250 nm radius
range. The overall maximum of the average reflectance (0.85) is
achieved at 50% TiO2 particle volume fraction. This is also the case
for the IR region. For all the cases, the IR region is the biggest parcel
of the average reflectance [Fig. 6(b)]. Namely, for all particle volume
fractions it represents between 63% (smaller radius) and 85% (larger
radius) of the overall reflectance. Furthermore, as expected, we
observed how the particle size influences the optimum reflection
region. As shown in the right panel of Fig. 6(a) for fixed 20% particle
volume fraction and previously mentioned, the maximum of the
weighted reflectance shifts to bigger nanoparticle radius when the
radiation wavelength increases. For instance, UV shows a maximum
at 50 nm radius and IR at 200 nm. This is also clear in Fig. 6(b) from
6

the blue bar (UV) being larger for the smaller radius (left) and the
red bar (IR) being larger for bigger radius (right).

Finally, the CIE (International Commission on Illumination) col-
orimetric system was used for color analysis of the coating, for eye
comfort, aesthetic or camouflage applications. The color coordi-
nates are plotted on the chromaticity diagram of Fig. 7 for the dif-
ferent radius at 20% particle volume fraction. As shown, TiO2

pigments produce a mostly white color for all particle sizes, as
expected being TiO2 a white pigment. No differences were
observed for different particle volume fractions at fixed radius.

4. Discussion and validation

We observed that the thickness of the coating influences the
reflectance as seen in Fig. 3, with a lower limit (�1 lm) where a
homogeneous TiO2 layer shows higher reflectance than nanoparti-
cles doping and a higher limit (100 lm) where the reflectance sat-
urates. The size of the nanoparticles shifts the wavelength of the
maximum reflectance, being larger nanoparticles (hundreds of
nm) indicated to maximize the reflectance in the desired IR spec-
trum range (Figs. 4–6). Similarly, the particle concentration
increases the reflectance up to a limit (50%), where there is a bal-
ance between the binding medium and the dopant (Figs. 4 and
5). The obtained white color in the CIE system (Fig. 7) is in accor-
dance with the expected for an acrylic and TiO2 mixture and the
obtained high reflectance values.

To validate our study, we performed experimental measure-
ments to compare with our simulations. Commercial rutile TiO2

nanoparticles from US Nano with 250 nm radius were dispersed
on a 5% w/w PMMA and toluene solution at 3, 16 and 40% w/w,
then spin coated at 1000 rpm for 30 s three times on glass sub-
strates and finally dried at 80�C overnight (inset of Fig. 8). A mod-
ular spectrophotometer [FLAME-T (UV–vis) and FLAME-NIR (NIR)]
from Ocean Optics was used to measure the reflectance in the 200–
1650 nm region, which was averaged from three measurements at
different locations for each sample. Both experimental and numer-
ical results show very similar reflectivity values and the same over-
all increasing trend in the total and IR reflectances with the
concentration (Fig. 8). This clearly demonstrates that our numeri-



Fig. 8. Experimental and simulated total and IR reflectance on 3, 16 and 40% w/w
TiO2@PMMA coatings with 250 nm radius rutile. The inset shows the optical images
of the prepared coatings.
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cal model is able to predict the reflectance of a medium doped with
nanoparticles and describe its dependence on the nanoparticle
concentration.

5. Conclusions

This work studied in detail an approach to increase light reflec-
tance in coatings, decreasing the cooling demands in buildings by
pigmenting them with TiO2 nanoparticles. We have numerically
analyzed the proposed structure with the FDTD method, using
MEEP. We observed that the reflectance cannot be increased by
simply increasing the thickness of the doped coating, with a satu-
ration after 100 lm. In order to achieve the maximum enhance-
ment in light reflectance we varied both particle size and particle
volume fraction. The maximum in the reflection shifts to bigger
particle size as the wavelength increases. We obtained optimum
results at 250 nm radius of TiO2 nanoparticles and 50% particle vol-
ume fraction for a maximum reflectivity of 0.95 (0.9 average reflec-
tance and 0.7 in the IR). Therefore, as typical commercial titanium
dioxide pigments are manufactured with a particle size of 200 nm,
they may be a good option with an optimum near-infrared
reflectance.

These results were validated by experimental measurements
and give a detailed guideline to formulate new coatings with
increased near-infrared reflectance of buildings façades. From here,
a study of the influence of particle radius distribution from com-
mercial suppliers on the reflectance can be pursuit. Furthermore,
the mixing between different nanoparticle materials (e.g., TiO2

and CuO) can balance the quest to find both high reflective and
non-white coatings.
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