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A food-grade cooling composite made
from starch and recycled eggshell pow-
der offers a scalable, ultra-low-cost solu-
tion for passive daytime radiative cool-
ing. Easily prepared using basic kitchen
tools, this material empowers communi-
ties, even in areas with limited infrastruc-
ture, to stay cooler during worsening sum-
mer heat waves. The work highlights a sus-
tainable path to climate resilience using
everyday biowaste.
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Increasingly frequent and severe heat waves pose a significant threat to
human health, intensifying the demand for cooling solutions. Conventional air
conditioning offers relief but escalates energy consumption and CO2

emissions, exacerbating global warming. Here, a passive daytime cooling
composite made from kitchen-sourced materials, providing a zero-energy
cooling technology accessible to everyone, is introduced. Composed of starch
and finely ground eggshell powder, this eco-friendly composite demonstrates
an average solar reflectance of 0.91 and thermal emissivity of 0.95. Applied to
concrete, it achieves a temperature reduction of approximately 15 °C
compared to uncoated concrete under 800 W m−2 solar irradiation. With
universally accessible ingredients and a simple fabrication process, this
cooling composite provides a viable solution for households with limited
infrastructure to tackle the growing threat of heat waves.

1. Introduction

Heat-related mortality has evolved into an alarming global crisis,
intensifyingwith soaring temperatures, enduring heatwaves, and
the accompanying effects of climate change, posing an ever-more
severe threat to vulnerable populations worldwide.[1,2] Recent
data highlight the severity of this issue, with over 60 000 heat-
related deaths recorded during the record-breaking European
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summer of 2022 alone.[3] Mitigation strate-
gies, including increasing urban albedo,
predictably reducing mortality by ≈1.8%
per 0.1 increase, and green infrastructure
expansion, have shown promise but re-
main constrained by cost and feasibility.[4,5]

While air conditioning has mitigated
some heat-related deaths,[6] its reliance on
greenhouse gas-intensive energy sources
exacerbates global warming and urban
heat islands,[7] further threatening those
who cannot afford such systems. These
challenges highlight an urgent need for
sustainable, cost-effective, and easily
deployable solutions that can equitably
protect vulnerable communities from
intensifying climate-related heat crises.
Aligned with approaches such as in-

creasing surface albedo, passive daytime
radiative cooling (PDRC) has recently emerged as a zero-energy
strategy, holding great promise to address the growing global en-
ergy demand for cooling.[8–10] The core of this sustainable cooling
technique lies in tailoring the material to exhibit a minimal so-
lar absorptivity while simultaneously reaching a high emissivity
in the mid-infrared (MIR) regime. By effectively radiating excess
heat to outer space through the atmospheric transparency win-
dow (ATW, 8–13 μm), surpassing the heat absorbed from sun-
light, sub-ambient cooling can be theoretically attained. Over the
past decade, advanced micro- and nano-fabrication techniques
have led to the development of various high-performance PDRC
devices, including photonic structured materials,[11,12] compos-
ites with embedded micro- and nanoparticles,[13,14] porous poly-
mers and ceramics,[15,16] super white paints,[17,18] and nanofiber
membranes.[19–21] Despite their impressive cooling capabilities,
these materials concepts often involve sophisticated fabrication
processes, advanced manufacturing techniques, or exclusive raw
materials, posing challenges for transitioning from laboratory de-
signs to large-scale commercial and affordable products. There-
fore, to further expand the global reach of this technique, espe-
cially in areas facing poverty and inadequate infrastructure, an
urgent need persists for a comprehensive PDRC strategy that
employs easily accessible materials and a more straightforward
fabrication process.
Starch, a widely distributed plant polysaccharide, is vital

in supplying energy for human physiological processes. It is
abundantly found in various plant sources globally, such as
potato, corn, rice, and cassava.[22] Its molecular structure, rich
in ─C─O─C─ and ─C─OH groups, exhibits characteristic MIR
absorption bands in the ranges of 1250–1050 cm−1 (8–9.5 μm)
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and 1200–1020 cm−1 (8.3–9.8 μm), ensuring an effective heat re-
lease through the ATW to the outer space, making it a promis-
ing candidate for passive daytime radiative cooling applications.
For instance, very recently, Yang et al. reported a porous film
for PDRC based on potato starch, achieving promising optical
properties.[23] However, their fabrication process involved com-
plex processing steps, and importantly, the study focused solely
on potato starch, which has limited water resistance. As a re-
sult, additional waterproofing layers were required for outdoor
applications. In this work, we systematically evaluated all types of
starch, i.e., types A, B, and C, to assess their suitability for passive
daytime radiative cooling (PDRC) applications. Furthermore, we
developed a simple, sustainable PDRC composite with impres-
sive cooling performance by combining starch with groundwhite
eggshell powder. This solution-processed paint-like composite
can be easily prepared with kitchen-level ingredients and tools. It
can be applied to various substrates, like bricks, wood, andmetal,
to reduce solar heating, and it does not require anymetallic reflec-
tor for its passive cooling performance. The widespread adoption
of this technique has the potential to empower households glob-
ally to create their own PDRC coating, protecting them from the
scorching summer heat and reducing the heat-related mortality
burden of forthcoming hotter summers.

2. Results

2.1. Starch: A Natural MIR Emitter

Starch comprises two distinct polysaccharides: amylose, which
forms a linear polymer, and amylopectin, which is character-
ized by branching (Figure 1A). The amylose-to-amylopectin ratio
varies based on the starch source. Starch can be categorized into
A-type, B-type, and C-type based on its crystalline structure, and
studies have explored that the origin of the starch-bearing feed-
stock and crystallinity strongly influence its mechanical and op-
tical properties.[24–26] To comprehensively unveil the potential of
starch in the PDRC application across a global spectrum, starch
from corn (type A), potato (type B), and tapioca (type C) were
investigated in this work. The morphology, size, and crystalline
structure of various native starch granules from corn, potato,
and tapioca were characterized by scanning electron microscopy
(SEM) and X-ray diffraction (XRD), respectively (Figure S1A–D,
Supporting information). The observed morphology, size, and
crystalline structure characteristics of the various starch granules
are consistent with the literature[24,27,28] encompassing starch
from diverse geographical regions, demonstrating the univer-
sality of starch properties worldwide. To reveal the potential of
starch in the application of PDRC, the solar absorption of vari-
ous native starch powders was first determinedwithUV–vis spec-
troscopy. The reflection spectra (Figure S1E, Supporting informa-
tion) demonstrated a high solar reflectivity for all starch powders
within the visible spectral range, which decreased to the ultravio-
let (UV) and near-infrared (NIR) spectral range, respectively. The
substantial solar scattering and MIR emission expected from the
inherent molecular structure render them attractive as a sustain-
able material for PDRC applications.
When heated in water, starch undergoes a gelatinization pro-

cess, transforming into a homogenous, viscous, translucent so-
lution that can be readily utilized to create a continuous starch

film.[29] Differential scanning calorimetry (DSC) thermograms
(Figure 1B) illustrate that all types of starch solution (25 wt%)
exhibited gelatinization transitions between 50 and 80 °C. Using
doctor blading, we prepared corn, potato, and tapioca starch films
with gelatinized starch solutions. The photographs of such starch
films prepared on a glass substrate (Figure 1C) demonstrate their
semi-transparent appearance. In addition, as the thickness of the
corn starch film increased, a significant enhancement in MIR
absorption was observed (Figure 1D). Conversely, a slight reduc-
tion in solar reflectance was detected with increasing film thick-
ness (Figure S2A, Supporting information), suggesting a minor
increase in solar absorption. Furthermore, the solar reflectance
and MIR absorption spectra (Figure S2, Supporting informa-
tion) reveal a consistent influence of film thickness on the op-
tical properties across all three types of starch films, prepared
on aluminum (Al) foil as a reflective substrate. We calculated
the average reflection in the solar range and average absorption
in the ATW range based on an AM 1.5 spectrum[30] and atmo-
spheric transmission.[31] This further clarifies the impact of the
starch film thickness on its optical properties (Figure S2C,F,I,
Supporting information). As the film thickness increased from
0 μm (plain Al substrate) to ≈35 μm, the emissivity in the ATW
range rose significantly from 0.06 to ≈0.95. Conversely, the solar
reflectance of all three types of starch showed a slight decrease,
from 0.86 (Al substrate) to ≈0.83, indicating a minor increase in
solar absorption.
Thin films (≈35 μm) of all three types of starch exhibit negli-

gible absorption in the solar range and outstanding emissivity in
the ATW range, making them suitable as emitters for PDRC. To
emphasize their thermal emission performance, various starch
films were coated onto a highly reflective Ag mirror. All starch
film-coated Ag mirrors, with superior broadband optical prop-
erties (Figure S3, Supporting information), were demonstrated
to have a remarkable passive cooling capacity for both night-
time and daytime (Figure S4, Supporting information). The nu-
merical calculation was conducted based on a widely used ra-
diative model, as detailed in our previous work.[32] To further
validate the potential of starch films in PDRC, the cooling per-
formance was evaluated with field testing under a clear sky in
Bayreuth, Germany. The starch film-coated Ag mirrors were
placed into identical homemade sample holders during the field
testing (Figure 1E). Under average solar irradiation of 789Wm−2

(11:00−16:00), the average temperature difference relative to the
plainmirror was 3.1, 3.6, and 3.8 °C for the corn, potato, and tapi-
oca starch film-coated Ag mirrors, respectively (Figure 1F). We
note that even the temperature of the reference mirror, with its
minuscule solar absorption and thermal radiation, was observed
to be higher than the open-air temperature, which is attributed
to an unavoidable greenhouse effect. This greenhouse effect can
be rationalized by parasitic solar absorption within the sample
holder and the suppression of convection by the LDPE foil.[32]

Consequently, all starch film-coated Ag mirrors were observed to
have slightly higher temperatures compared to open-air. Without
parasitic solar absorption during nighttime, all starch film-coated
Agmirrors exhibited temperatures lower than the open air.More-
over, the temperature of the Ag mirror closely resembled that of
the ambient air. The temperature difference to the reference mir-
ror remained almost constant during these conditions (≈3 °C).
The remarkable cooling performance of starch films supported
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Figure 1. Starch as a natural and universally accessible emitter for thermal radiation. A) Starch multiscale structure and starch film fabrication via blade
coating technique. B) DSC thermograms of corn, potato, and tapioca starch. C) Photography of various starch films on a glass substrate, with window
blinds in the background. D) MIR absorption of corn starch film on Al foil with various film thicknesses. The atmosphere window (8–13 μm) is indicated
with blue shaded area. E) Schematic of the field-testing setup and photography of a starch-coated mirror sample. F) Temperature tracking of various
starch film-coated Ag mirrors and temperature difference between uncoated and the starch film-coated Ag mirrors in the field-testing. The outdoor
measurement was carried out under a clear sky on June 12th–13th, 2023 in Bayreuth, Germany.
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Figure 2. Ground white eggshell powder as a universally accessible and efficient solar light scatterer. A) Preparation of eggshell powder with a traditional
mortar and pestle grinding method. B) SEM images of the eggshell powders from native white chicken eggshells. C–F) Number weighted particle size
distribution of the eggshell powders prepared with different grinding times, i.e., 1, 3, 5, and 7 min. G) XRD pattern and H) IR absorbance spectrum of
the ground eggshell powders. I) UV–vis reflection spectrum of the eggshell powders prepared with different grinding times.

by Ag mirrors underscores their capability as sustainable and
universally accessible emitters for PDRC applications.

2.2. Eggshell Powder as an Efficient Solar Light Scatterer

As just outlined above, solar absorption plays a crucial role in
daytime passive cooling performance. Even slight solar uptake
can significantly counteract the radiative heat release. In ad-
dition to employing highly reflective metals like silver or alu-
minum, nano- and microparticles are extensively used in com-
posite materials to enhance solar scattering through theMie scat-
tering mechanism.[17,33,34] Calcium carbonate (CaCO3) powder,
widely used in coatings and paints, has recently gained atten-
tion in PDRC paints and composite materials due to its high
solar reflectivity.[17,35] Eggshells are ubiquitous household refuse
containing more than 95% calcite (CaCO3) and have been re-
cycled as a sustainable material in various fields, including ce-
mentitious materials,[36] coating pigments,[37] heavy metal ions
adsorbents,[38] and catalysts.[39] Recently, eggshell powder has

also been employed as a solar-scattering filler in PDRC coat-
ings using synthetic polymer matrices such as polymethylpen-
tene (TPX).[40]

Usingmanual grinding, eggshell waste can be effortlessly con-
verted into eggshell powder (Figure 2A,B). The size distribution
of the eggshell powders was assessed by static light scattering
(SLS) on an aqueous eggshell powder dispersion. We obtained
sizes of ≈2–30 μm, with a mean diameter of ≈6 μm. A systematic
variation of the grinding time from 1 min to 7 min results in a
continuous decrease of the mean particle size from ≈7 to 4 μm
(Figure 2C–F). The chemical composition of the eggshell pow-
ders derived from native white chicken eggshells was confirmed
using XRD and Fourier transform infrared (FTIR) spectroscopy
(Figure 2 G, H), in agreement with reported literature.[41,42] The
broad particle size distribution and considerable refractive in-
dex (nCaCO3 = 1.59) result in strong light scattering, as evidenced
by the UV–vis reflection spectrum in Figure 2I. The eggshell
powder provides strong scattering, particularly between 450 and
1370 nm, rendering it a promising filler component to enhance
solar scattering. In addition, the solar reflection was observed to
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increase with longer grinding times (Figure 2I). As the grinding
duration increased, the average solar reflection of the eggshell
powder rose from 91.7% (1min) to 95.2% (7min). This enhance-
ment is attributed to stronger light scattering by the finer parti-
cles, which more effectively reflect solar radiation.

2.3. Fabrication and Performance of the Starch-Eggshell Cooling
Composite

Without a sophisticated fabrication process, a simple paint-
like passive cooling composite can be achieved by combining
the ground eggshell powder with a gelatinized starch solution
(Figure 3A). The SEM images in Figure 3B,C show the starch
film and the starch-eggshell powder composite, respectively. The
solar reflection spectrum (Figure 3D) and calculated average so-
lar reflection (Figure S5, Supporting information) demonstrate
that increasing the eggshell powder concentration in the com-
posite and composite thickness enhances solar scattering. With
sufficient eggshell powder content (>80 wt%) and layer thick-
ness (>1.2 mm), the starch-eggshell powder composite provides
an average solar reflection of 0.91 without any mirror backing,
surpassing that of aluminum foil-supported starch films (average
solar reflection of 0.83). It also outperforms widely used commer-
cial white paint (Alpina white, Alpina Farben GmbH) of compa-
rable thickness, which contains titanium dioxide and thus pos-
sesses considerable UV absorption (Figure 3E). In addition to its
excellent optical properties in the solar range, the composite also
possesses the necessary optical properties regarding thermal ra-
diation, with an average emissivity of 0.95 within the ATW. The
low solar absorption and high thermal radiation culminate in the-
oretical net cooling powers of 51.7 and 153.1 W m−2 for daytime
with solar irradiation of 1000 W m−2 and nighttime, respectively
(Figure S6, Supporting information).
Eggshell powder plays a critical role in controlling the optical

performance of the starch-eggshell composite. To investigate the
influence of eggshell grinding on the optical properties of the re-
sulting composites, we prepared starch-eggshell powder compos-
ites using eggshell powder ground for different durations, i.e.,
1, 3, 5, and 7 min. As shown in Figure S7 (Supporting Infor-
mation), increasing the grinding time led to enhanced solar re-
flection. The average solar reflection of the composite increased
from 86.6% to 93.4% as the grinding time rose from 1 to 7 min,
which is attributed to stronger light scattering from the finer par-
ticles. These results indicate that sufficient grinding time enables
the production of smaller particles, thereby improving the optical
performance of the composite. To evaluate the reproducibility of
the fabricated starch-eggshell cooling composite, we asked three
individuals to independently prepare eggshell powders while us-
ing no recommended grinding time. As shown in Figure S8 (Sup-
porting Information), the resulting particle size distributions are
quite similar, with sizes ranging from2 to 35 μm.Remarkably, the
average particle size turned out to be 4–6 μm in all cases. All sam-
ples show an average solar reflectance of ≈92%, indicating that
the fabrication approach is reproducible and robust against small
variations in particle size. Furthermore, three independent grind-
ing repetitions conducted with the same individual also showed
consistently high solar reflectance (Figure S9, Supporting Infor-

mation), confirming the reproducibility of the process despite
small differences in particle size.
The starch and eggshell powder-derived PDRC composite is

eco-friendly, extremely low-cost, and can be readily prepared with
kitchen-level tools. Significantly, its paint-like characteristics en-
able versatile coating possibilities onto a range of materials, e.g.,
concrete (Figure 3F, left), wood (Figure 3F, middle), and Al foil
(Figure 3F, right), effectively reducing their solar absorption. It
should be noted that for thicker starch-eggshell composite coat-
ings, cracks tend to form during drying due to shrinkage stresses.
Therefore, multiple successive coatings are required to achieve
a fully covered film. Despite the presence of cracks, the starch-
eggshell composite adheres strongly to the substrate, as demon-
strated by the tape adhesion test (Figure S10, Supporting in-
formation). To emphasize the solar reflection capabilities of the
composite, we coated the composite on a graphite-covered alu-
minum foil. Subsequently, the composite-coated and pristine
graphite-Al foil was exposed to AM 1.5 solar light. As illustrated
in Figure 3G, after one hour of solar irradiation, the uncoated
graphite-Al foil reached 48.6 °C. In contrast, the composite-
coated graphite-Al foil maintained a significantly lower temper-
ature of 33.8 °C, highlighting the composite’s remarkable so-
lar reflection properties without any metallic backing layer. To
evaluate the cooling performance of starch and eggshell powder-
derived PDRC composites and Al foil supported-starch cooling
films, three identical concrete slabs with different surface mod-
ifications were placed under the clear sky during the daytime
on August 11th, 2023. Thereby, one concrete slab was coated
with starch-eggshell composite (C3), another was covered with
Al foil supported-starch film (C2), and the third one was left un-
treated (C1). As the IR images infer in Figure 3h, the coated
concretes (C3 and C2) remained significantly cooler than the
untreated concrete (C1) under direct sunlight with an intensity
of about 800 W m−2. We attribute this to the substantial solar
scattering and heat-releasing capabilities of the starch-modified
slabs. The recorded temperatures (Figure 3I,J) reveal that the av-
erage temperature difference between C1 and C2, C1 and C3 was
13.9 and 14.9 °C, respectively, from 11:00 to 16:00. The signifi-
cantly lower temperatures attained with the starch-eggshell pow-
der composite and aluminum foil-backed starch film underscore
the efficacy of this sustainable and universally accessible PDRC
coating.
We determined the water stability of the three starch films by

immersing them in water for varying durations. All three starch
films exhibited a rapid initial water uptake within the first few
minutes (Figure S11A, Supporting information). The swelling ra-
tio ((mswollen –mdry) /mdry) reached its maximumwithin aminute
of immersion, with values of 338%, 563%, and 433% for corn,
potato, and tapioca starch films, respectively. Corn starch film re-
tained its mass upon further immersion, contrasting with potato
and tapioca starch films, which experienced gradual mass loss
attributed to substrate detachment. This enhanced stability is at-
tributed to the higher amylose content in corn starch, which pro-
motes a denser, more water-resistant film structure.[43] Moreover,
eggshell powder has been reported to improve the mechanical
properties of the starch film by enhancing hydrogen bonding.[44]

The water stability of the corn starch-eggshell powder cooling
composite was validated through a 24-h immersion test in wa-
ter. The composite was observed to retain its structural integrity
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Figure 3. Performance evaluation of the starch-eggshell powder composite for passive cooling applications. A) Schematic of the PDRC starch-eggshell
powder composite fabrication. B,C) SEM image of (B) plain starch film and (C) starch-eggshell powder composite, with a mass ratio (meggshell /mstarch)
of 8:1. D) Solar reflection spectrum of starch-eggshell powder composite with various mass ratio. E) Solar reflection spectrum of starch-eggshell powder
composite (meggshell / mstarch = 8:1), Al foil-backed starch film and commercial white paint (Alpina white). F) Photography of starch-eggshell powder
composite-coated concrete slab (left), wood (middle), and Al foil (right). G) Photography and IR image of a starch-eggshell powder composite coated
and pristine graphite-covered Al foil under the AM 1.5 solar illumination. H) Photography and IR image of an uncoated concrete slab (C1), a concrete
slab covered with a starch-film coated Al foil (C2), and a concrete slab covered with a starch-eggshell powder composite- (C3) under direct sunlight.
I) Temperature tracking of the concrete slabs. J) Temperature difference between the coated and uncoated concrete slabs. The measurement was per-
formed under a clear sky on August 11th, 2023 in Bayreuth, Germany.

and experienced a 1.43-fold increase in mass due to swelling
(Figure S11B,C, Supporting information). The swollen state re-
sulted in a decline in solar reflection, from 0.91 in the dry to 0.79
in the wet state. Interestingly, upon redrying the composite, the
initial mass and reflection properties were fully restored (Figure

S11B,C, Supporting information), implying its structural stabil-
ity for humidity uptake and release upon outdoor operation. Fur-
thermore, evaporative cooling induced by the evaporation of wa-
ter stored in the swollen composite contributes as a latent heat
sink to the overall passive cooling capacity of the composite.[45]

Adv. Funct. Mater. 2025, e13897 e13897 (6 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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To further demonstrate the outdoor durability of the corn
starch-eggshell powder composite, we conducted an accelerated
weathering test using a Q-SUN XE-3 test chamber (Q-Lab Corpo-
ration, Westlake, OH, USA). The samples were exposed to a UV
irradiance of 60 Wm−2, a temperature of 38 °C, and 50% relative
humidity for 7 days. Under these conditions, the 7-day test cor-
responds to ≈35 days of natural weathering in central Europe,
based on a validated fivefold acceleration factor reported in the
literature.[46] As shown in Figure S12 (Supporting Information),
no visible degradation was observed on the composite-coated alu-
minum plates. This visual stability is further supported by opti-
cal characterization, as the solar reflectance spectra before and af-
ter weathering exhibit no obvious changes, indicating good resis-
tance to UV-induced aging and excellent outdoor stability. In ad-
dition, given the anti-fouling properties of CaCO3 particles

[47,48]

and its high loading ratio (89 wt%) in our composite material,
we do not expect a fast-cooling deterioration due to mold forma-
tion. No visible signs of mold formation or reduction in solar
reflectance were observed in the corn starch-eggshell compos-
ite stored indoors for over 1.5 years under ambient conditions
(Figure S13, Supporting Information), confirming its long-term
stability against microbial degradation in dry environments. We
also tested the coating for its resilience to rain. Here, the coat-
ing can gradually wash off, posing no environmental concern
due to its biodegradable components. Under arid conditions, the
eggshell/starch composite can be expected to last for multiple
months.
Paint-like PDRC materials with notable optical properties,

such as solar reflectance values up to 0.97, have been reported in
the literature, as summarized in Table S1 (Supporting Informa-
tion). These materials demonstrate outstanding cooling perfor-
mance but strongly rely on synthetic components, organic sol-
vents, and complex fabrication processes, which limit their us-
ability to small areas or few expert users; they may incur sub-
stantial costs or impose environmental concerns due to the pres-
ence of nondegradable components such as fluorinated hydrocar-
bons. In comparison, although the solar reflectance of our starch-
eggshell composite (0.91) is slightly lower and requires a higher
thickness (>1.2 mm) than the state-of-the-art PDC coatings, our
approach offers a key advantage: it allows anyone to prepare
effective cooling materials at home using common, biodegrad-
able ingredients. Since the main component of the compos-
ite is recycled eggshell biowaste (over 80 wt%), the material
cost remains extremely low. This do-it-yourself strategy bypasses
the need for industrial manufacturing or commercial products,
making passive cooling accessible to communities with limited
infrastructure.

3. Conclusion

In this study, we explored a sustainable PDRC composite by inte-
grating starch and ground white eggshell powders. This solution-
processed and paint-like composite can easily be applied to vari-
ous substrates, enhancing solar scattering. With satisfactory op-
tical properties, including an average solar reflection of 0.91 and
an emissivity of 0.95, the cooling composite enables a coated
concrete slab to be ≈15 °C cooler than its uncoated counter-
part even under harsh sunlight. Based on the universally avail-
able starch and kitchen-level fabrication process, the proposed

cooling composite will empower everyone, even in regions with
poor infrastructure, to counteract the increasing frequency and
intensity of heat waves, thereby alleviating the rising heat-related
mortality.

4. Experimental Section
Fabrication of Starch Films: Various starch solutions with a concen-

tration of 5 wt% were prepared in glassware equipped with a string bar.
The starch solutions were then placed in an oil bath for 1 h with contin-
uous stirring for gelatinization. The gelatinization temperature is 90 and
85 °C for corn, potato, and tapioca starch, respectively. The resulting gela-
tinized starch solution was then cooled to room temperature for further
processing.

For the starch film with various thicknesses, the gelatinized starch so-
lution was coated on an Al foil with various thicknesses via doctor blading.
The starch films were then dried at ambient temperature overnight. For the
starch film-coated Ag mirror samples, the blade coating was done directly
on an Ag mirror.

Fabrication of Starch-Eggshell Composite: Eggshells from regular white
chicken eggs were rinsed with water, manually peeled to remove the inner
membrane, and air-dried at ambient temperature. The dried shells were
then manually ground using a traditional ceramic mortar and pestle in a
continuous process, applying firm, circular pressing motions for ≈10 min
until a fine and uniform powder was obtained. The resulting eggshell pow-
ders were then mixed with the gelatinized starch solution without further
treatment.

Differential Scanning Calorimetry (DSC): Measurements were carried
out using a Discovery DSC 2500 (TA Instruments, USA). Starch solutions
with concentrations of 25 and 5 wt% were prepared for three different
starches by dispersing the starch granules in Milli-Q water. The starch so-
lutionswere then placed at ambient temperature for 4 h for starch swelling.
About 25 mg of the starch solution was placed into a DSC pan, which was
then sealed to prevent water evaporation. The DCS pan was heated be-
tween 15 and 95 °C at a rate of 10 K min−1 and in a nitrogen atmosphere.
An identical empty DSC pan was used as the reference. The first heating
cycle was used for the evaluation.

X-Ray Diffraction (XRD): Powder XRD was done using a Bragg–
Brentano geometry on a PANalytical Empyrean diffractometer (Malvern
PANalytical BV, the Netherlands). The diffractometer is equipped with a
PIXcel1D-Medipix3 detector in spinning mode using Cu K-𝛼 radiation (𝜆
= 1.5406 Å).

Scanning Electron Microscopy (SEM): SEM images of various starch
granules were obtained with a Zeiss Ultra plus (Carl Zeiss AG, Germany).
An operating voltage of 3 kV and a working distance of 6.5 mm were ap-
plied during the measurements.

Optical Characterization: The optical properties in the UV–vis-NIR
regime were determined by using a UV−vis spectrometer (Cary 5000, Ag-
ilent Technologies) equipped with an integrating sphere accessory (Lab-
spheres) at a fixed incident angle of 8°. A reference point was established
using a Spectralon diffuse reflectance standard (Labspheres). The opti-
cal properties in the MIR regime were obtained with an FTIR spectro-
scope (Vertex 70, Bruker) coupled with a gold-coated integrating sphere
accessory (A562, Bruker). A gold mirror served as the reference. Absorp-
tion/emission was calculated by subtracting reflection from 1 since the
presence of the Al layer or Ag layer rendered transmission negligible.

Field Testing: Outdoor measurements of the starch film-coated Ag
mirrors were carried out under a clear sky (June 12th–13th, 2023, Univer-
sity of Bayreuth, Bayreuth, Germany) on the roof of a three-floor building.
Identical homemade sample holders were used for all test samples. These
holders were insulated with Styrofoam and wrapped in Mylar aluminum
foil for thermal protection. LDPE foil, with a thickness of ≈15 μm, was
utilized to mitigate convective heat transfer. Pt-100 temperature sensors
were employed to ascertain the sample temperatures, and these readings
were captured every 5 s using a digital multimeter (DAQ6510, Tektronix,
Germany). Solar irradiance data was sourced from the weather station at
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the University Bayreuth (Ecological-Botanical Garden), situated ≈400 m
away from the rooftop measurement location.

Numerical Simulation: The average solar reflectance of the samples
was calculated with the equation:

R̄Solar =
∫
2.5𝜇m
0𝜇m Isolar (𝜆) ⋅ Rsolar (𝜆) d𝜆

∫
2.5𝜇m
0𝜇m Isolar (𝜆) d𝜆

(1)

where Isolar (𝜆) is the ASTM G173 Global solar intensity spectrum, 𝜆 is the
wavelength, and 𝑅solar(𝜆) is the surface spectral reflectance.

Average absorptance/emittance (𝜀̄) of the samples in the ATW range
was calculated by:

𝜀̄ =
∫
13𝜇m
8𝜇m IBB (T, 𝜆) ⋅ 𝜀 (T, 𝜆) d𝜆

∫
13𝜇m
8𝜇m IBB (T, 𝜆) d𝜆

(2)

where 𝐼𝐵𝐵(𝑇, 𝜆) is the spectral emittance of a blackbody at temperature T
and ɛ(𝑇, 𝜆) is the surface spectral emittance. T = 300 K is applied to all 𝜀̄
calculations.

Net cooling power calculation of the samples was based on the energy
balance: Pcool = Pmat − Psun − Patm − Pnonrad, Where Pmat is the ther-
mal irradiation power of the emitter, Psun is the material’s absorbed solar
power, Patm is the material’s absorbed power from the atmosphere, and
Pnonrad is the conduction and convection-induced heat exchange. Pnonrad
can be calculated by Pnonrad = hc * (Tatm – Tmat), where hc is the nonra-
diative heat transfer coefficient. For simplicity, the emissivity of all cooling
samples was assumed to be directional-independent.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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