RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS
TECHNOILOGIES

www.advmattechnol.de

Upcycling Chips-Bags for Passive Daytime Cooling

Qimeng Song,* Thomas Tran, Kai Herrmann, Holger Schmalz, and Markus Retsch*

1. Introduction

Plastic pollution has caused numerous environmental issues in recent

decades. As one of the most commonly used packaging materials,
aluminum-plastic laminates (APL) are particularly challenging for recycling
purposes due to their sophisticated materials components. This work reveals
a new strategy to upcycle such post-consumer APL packaging waste, e.g.,
chips-bags, for passive daytime cooling applications. This opens an attractive
route to reuse APLs while at the same time reducing global energy
consumption and carbon emissions. The mirror-like appearance of the APLs
possesses a strong solar reflection, up to 86%. By coating, this reflective layer
of the APL waste with a high emissive polydimethylsiloxane layer, a simple
but effective passive daytime cooling foil is constructed, which shows
promising passive cooling performance theoretically and practically. More
importantly, the passive cooling foil based on APL waste is flexible and can be
applied to any target object, protecting it from harsh sunlight. The low-cost
APL waste-based passive cooling foil proposed in this work will significantly
contribute to both energy and environmental issues that humans face today.
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Aluminum-plastic laminates (APL) have
been massively used as packaging mate-
rials to extend the shelf-life of products
like chips, roasted, and powdered coffee,
as well as milk and juices.l'l Besides, APL
has extended its applications dramati-
cally in the pharmaceutical packaging of
FFP2 masks and rapid tests over the
last few years because of the COVID-19
pandemic. With aluminum as a barrier
layer, the APL provides satisfactory prod-
uct protection from various deteriorating
factors, including oxygen, moisture, and
light.[?] However, the complex construc-
tion, consisting of aluminum and mul-
tiple layers of polymer, makes this sort
of packaging foil exceedingly challenging
to recycle.l'3] Consequently, most APL
waste is treated by incineration or dis-
carded in landfills, causing severe envi-
ronmental sustainability issues, includ-
ing the release of greenhouse gas emis-
sion, air pollution, and soil infertility.[*]

The industrial recycling of APL faces several challenges, such
as the segregation of the different layers as well as cleaning and
sorting issues.[><) One technique for recovery of aluminum and
individual polymer components is chemical delamination, where
the individual polymer layer is dissolved with the correspond-
ing solvent.l’! Besides, thermal and catalytic pyrolysis have also
been developed to extract aluminum and energy from APLs.[?
More recently, various innovative strategies for APL recycling
have been reported. For instance, thermal delamination!”! and
enzymatic bioleaching recycling methods.®! Despite the progress
in material and energy extraction from APL, it is still considered
unrecyclable due to its low recycling efficiency. The European
plastic strategy aims for all used packaging to be recyclable or
reusable by 2030.°! For this to be successful and to reduce the
impact of APL waste on the environment, advanced strategies
for cost-effective recycling or repurposing of APL are urgently de-
sired.

Another rising concern is global warming, caused by
the overuse of fossil fuels and resulting greenhouse gas
emissions.'”] As one of the consequences, the frequency of
intense heat waves has increased worldwide, threatening hu-
man and ecological health.['!] Passive daytime radiative cooling
(PDRC) is regarded as a promising strategy to combat global
warming by reducing the energy demand for cooling.!'?! By emit-
ting thermal irradiation to cold outer space (3 K) through the
atmospheric transparency window (8-13 um), terrestrial materi-
als with engineered optical properties autonomously cool down
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Figure 1. a) Schematic of the multilayer structure of an APL used for packaging. b) SEM image of the cross-section of an APL from a chip bag. ¢) Raman
spectra of the cross-section of the APL. d) Solar reflectance of the goods contacting side of the APLs collected from different packaging bags: chip bag,
coffee bag, and FFP2 mask bag, with an incidence angle of 8°. The AM 1.5 solar spectrum is plotted as the background.['®] e) Average solar reflectance
of the goods contacting side of the chip bag, coffee bag, and FFP2 mask bag at different incidence angles.

to subambient temperatures in the nighttime, without external
energy input. By minimizing the absorption of a material in
the solar regime (0.3-2.5 pm), the passive cooling properties
can be preserved during the daytime, even under direct sun-
light illumination. A passive cooling device can be readily con-
structed by combining a highly solar transparent and emissive
layer, like polydimethylsiloxane (PDMS), with a back reflector,
e.g., silver (Ag) or aluminum (Al).1"3] To circumvent the usage of
the metallic back reflector, in recent years, advanced structured
materials have been fabricated to strongly scatter sunlight,!']
including micro-/nanoporous materials,'> and nanoparticles-
based composites.'®] Though an increasing number of passive
cooling devices with remarkable daytime cooling performance
have been reported, the transition from fundamental scientific
studies to a widely distributed cooling technology is still missing.
Scalability, practicality, durability, and manufacturing costs are
insurmountable problems restricting this technique from practi-
cally transitioning to real-life applications. Considering that the
amount of energy saved with PDRC is proportional to the applied
area, it is imperative to design a cost-effective, scalable, and easily
applicable PDRC foil.

In our contribution, we outline a comprehensive upcycling
strategy to repurpose APL waste and to access PDRC foils in
a cost-effective manner. This combination has a twofold bene-
ficial consequence for the environment due to the reduction of
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APL waste, and the fabrication of PDRC foils with already avail-
able materials. Optical property characterization elucidates that
the plain APL possesses a substantial solar light reflection (up to
86%), owing to the presence of the Al layer, which makes APL a
promising candidate for the back reflector of the PDRC material.
By adding an emissive layer, e.g., PDMS, to enhance the radiative
heat release, the cooling capacity of APL waste-based foils is theo-
retically and experimentally demonstrated. Moreover, the cooling
foil is scalable, flexible, and can be readily applied to various sur-
faces, protecting the target object from harsh sunlight and heat.
Our approach is the first step toward a widespread and low-cost
utilization of optically engineered passive cooling foils.

2. Results and Discussion

APL is generally constituted by several polymer layers and alu-
minum laminated with adhesives, as illustrated in Figure 1a. A
scanning electron microscope (SEM) image of a cross-section
of APL used for a chip bag shows its multilayer structure. A
thickness of about 18.9, 2.7, 1.7, 3.2, and 31.2 um is observed
for respective layers (from the top, goods contacting side, to bot-
tom, ink side). By using confocal Raman spectroscopy, we deter-
mined the chemical composition of each layer. The Raman spec-
tra show that both polymer layers are polypropylene (PP) for the
tested APL.['] APL shows a mirror-like appearance due to the
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presence of Al laminated at the core, demonstrating its potential
as a back reflector. To reveal the capability of APL as a back re-
flector for PDRC, we examined the solar reflectance of APL from
various packaging bags, as shown in Figure 1d; and Figure S1
(Supporting Information). As representative samples, APLs from
bags originally used for potato chips, coffee, and face masks are
mainly focused on in this work due to their widespread usage in
the market. An impressive solar reflectance is observed for most
of the APLs. As shown in Figure 1d, an average solar reflectance
of 0.86, 0.81, and 0.83 was obtained from the chip, coffee, and
mask bags, respectively. The decent solar reflectance verifies that
APL holds considerable potential as the back reflector for passive
daytime cooling materials. Moreover, APLs, especially the chip
bag and the mask bag, exhibit a constant reflectance at a large
incident angular range (Figure 1le). This stable and high solar re-
flectance allows them to face and reflect the sun at various angles.
Even when substantially wrinkled, as expected from waste stream
collection, the APL foils retain their high solar reflectance (Figure
S2, Supporting Information).

For PDRC materials, absorption in the solar range determines
the energy uptake from the sun in the daytime, while mid-
infrared (MIR) emissivity controls the radiative heat release.
Therefore, both aspects of the material need to be optimized to
achieve a net passive cooling performance in the daytime. In
the market, various polymers have been utilized to compose the
APL, including PP, low-density polyethylene (PE), and polyethy-
lene terephthalate (PET).!*"! APL varies in composition and layer
thickness depending on the end-use product, resulting in differ-
ent MIR emissivities. To reveal the MIR emissivity of the tested
plain packaging bags, we measured their absorptance (1 - reflec-
tion) spectra at a wavelength range of 2-18 um by using Fourier-
transform infrared spectroscopy (FTIR) (Figure 2a). Average MIR
absorptances of 0.23, 0.51, and 0.70 were obtained for the plain
chip bag, coffee bag, and mask bag, respectively, which are re-
lated to the layer composition (Figures S3 and S4, Supporting In-
formation) and thickness. The impact of the layer thickness on
material optical properties in both the solar and MIR ranges has
been investigated in a previous study.'?]

To experimentally demonstrate the capability of the plain APL
for PDRC, the passive cooling performance of the APLs, i.e., chip
bag, coffee bag, and mask bag, was determined with a home-
made indoor setup. Figure 2b shows the schematic of the in-
door setup, and detailed information on the design is presented
in our previous work.[?) Compared to conventional field testing
under uncontrollable weather conditions, indoor measurements
ensure reproducible measurements under controlled and stable
conditions, providing better cooling performance evaluation, es-
pecially for comparing different samples. In addition, various pa-
rameters, such as solar intensity and ambient temperature, are
independent and can be tuned individually with the designed in-
door setup. By contrast, the study of the influence of a single
parameter on material cooling performance is not possible for
conventional field testing due to the time-varying weather condi-
tions.

The indoor measurement was first carried out without (w/o)
solar light. A steady-state temperature of 18.4, 16.4, and 13.8 °C
was observed for the chip bag, coffee bag, and mask bag, re-
spectively (Figure 2c—e). Compared to the “ambient temperature”
(20.7 °C), obtained with an Ag mirror under identical measure-
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ment conditions without solar light, all the APLs show varying
degrees of passive cooling performance. The mask bag provides
the best subambient cooling, 6.9 K, followed by the chip bag (2.3
K) and coffee bag (4.3 K), owing to the higher emittance in the
MIR regime. Subsequently, AM 1.5 solar light was applied to the
samples by a solar simulator to imitate the cooling performance
characterization in the daytime. To reveal the impact of the solar
radiation intensity on the passive cooling performance, the solar
intensity was increased stepwise from 0% to 25%, 50%, 75%, and
100% of one sun power (1000 W m~2), after the sample’s temper-
ature reaches a steady state. Note that our previous study showed
that the intensity of the light reaching the sample is about 75%
of the initial power due to the absorption, scattering, and reflec-
tion of the convection shield in the indoor setup.?’! As shown in
Figure 2c—e, the solar illumination increases the temperature of
all APL samples until a steady state is reached. Moreover, the so-
lar energy uptake exceeds the radiative heat loss at a certain level
of solar intensity for the chip bag and coffee bag. As a result, the
steady-state temperature is higher than the ambient temperature,
for instance, 50% solar intensity for the chip bag and 75% solar
intensity for the coffee bag, which follows the degree of emittance
of those sample in the sky-window range. This observation im-
plies thata net heatloss can only be achieved under a certain solar
intensity level for the chip bag and the coffee bag due to their in-
herently low MIR emittance. By contrast, the mask bag allows net
passive cooling even under a sunlight power of 100%.

To enhance the radiative heat release by increasing the MIR
emittance, we introduced PDMS onto the APLs. PDMS, a
widespread and easily processable polymer, has been widely used
as standard material for fabricating passive daytime cooling de-
vices, ensuring a direct comparison between the APL waste-based
cooling foil and PDMS-based cooling devices reported in the lit-
erature. Furthermore, its optical transparency is ideal for retain-
ing the reflective properties of the APL support structure and its
flexibility ensure a good adhesion to the APL foil. In particular, a
PDMS layer (~200 um) was coated onto the APLs via the doctor
blading technique. The IR absorption spectra illustrate the sig-
nificant enhancement of the APLs in the MIR region (Figure 2f).
An average emittance of up to 0.94 was obtained for all PDMS-
coated APLs. The cooling performance of plain APLs and PDMS-
coated APLs, determined by the indoor setup, is summarized in
Figure 2g. Compared to plain APLs, a promising PDCR perfor-
mance is obtained with all PDMS-coated APLs. A subambient
cooling was observed with all PDMS-coated APLs for both dark
and light conditions. Furthermore, no pronounced difference
was observed between the PDMS-coated chip bag, coffee bag,
and mask bag for measurements in the dark. However, with the
presence of 100% solar light, the PDMS-coated chip bag shows
a slightly lower temperature, owing to its high solar reflectance
(Figure 1d) compared to the coffee and mask bag.

Apart from the steady state temperature reduction measure-
ments, the indoor setup also allows for determining the net cool-
ing power. To measure the net cooling power of the plain and
PDMS-coated APLs, the samples were heated to the “ambient”
temperature. The required heating power at this temperature
represents the net cooling power of the emitter. An observation
similar to the steady-state temperature measurements was ob-
tained for the cooling power measurements (Figures S6 and S8,
Supporting Information). Solar illumination decreases the net

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAEaID el jdde aup A peusenob afe sejone YO ‘8sN Jo Sa|nJ Joj Akeiq)T8UlUQ A8]1M UO (SUOTIPUOD-PUB-SWLBY WO A8 | 1M ATRIq | BU1 [UO//:SANY) SUORIPUOD pUe SWe | 841 885 *[£20Z/0T/LT] Uo ARiqiT8uluo A8 1M ‘Uineieg 1ee1seAIuN Aq 7700£202 WPe/Z00T 0T/I0p/w0d A8 | im Afelq1jeuljuo//sdny Wwoly pepeojumod ‘8T ‘€202 ‘X60LS9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

www.advmattechnol.de

Solar simulator
s -
8 .
c - Chip bag Styrofoam
§os —— Coffee bag /L. .
b= —— Mask bag iquid nitrogen
w 0.6 Al dome
@
o
S04
=
0.2
<
0.0 7 v T 7 T T T v T Sample
0 2 4 6 8 10 12 14 16 18 20
Wavelength (um)
[d]
40 40 40
—— Chip bag —— Coffee bag —— Mask bag
835- <=~ Ambient T 835 835.
< 0% 25% 50% 75%  100% |°_ 0% 25% 50% 75% 100% | 0% 25% 50% 75%  100%
o 301 ® 30 o 301
| — —
g 2 =
© 257 @ 25 @© 25
Lo f— —
2 18 g
= 20+ €20 £ 207
[ [} ()
15 P15 F 151
10

0 20 40 60 80 100 120 140 160 180
Time (min)

o
o

o
(o]
1

——— Chip bag + PDMS
Coffee bag + PDMS
Mask bag + PDMS

o
(o]
1

o
-
i

Absorptance/Emittance | —
. =]
N

6 8 10 12 14 16 18 20
Wavelength (um)

o

o
o
N =
S

1 0 +——r——r——r——r——r——r——r——
0 20 40 60 80 100 120 140 160 180

10
0 20 40 60 80 100 120 140 160 180

Time (min) Time (min)
30
I 0% solar light 100% solar light === Ambient T
251

[
o

il

Temferature °

e g oo
_
JE
JE
I
.
.

Chip bag Coffee bag Mask bag Chip bag Coffee bag Mask bag
+PDMS +PDMS + PDMS

Figure 2. Indoor characterization of plain and PDMS modified APL bags: chip bag, coffee bag, and FFP2 mask bag. a) Optical properties of plain APL bags
in the MIR range. The blue shaded area indicates the atmosphere window (8—13 um). b) Schematic of the setup for indoor measurements. Continuous
temperature measurements of the APL bags with stepwise increase of the solar intensity from 0% to 100% of one sun for a ) chip bag, d) coffee bag,
and e) FFP2 mask bag. f) Optical properties of PDMS (thickness ~200 um) coated APL bags. g) Steady-state temperature of plain and PDMS-coated

laminated Al packaging bags with and without 100% solar light. The dotted line indicates the ambient temperature.

cooling power of all tested samples. The plain chip bag and cof-
fee bag only possess net cooling power below a certain level of
solar intensity. In contrast, the plain mask bag shows net cooling
power even under illumination with full power. The solar light
intensity follows a linear dependency for the steady-state temper-
ature (Figure S5, Supporting Information), and the net cooling
power (Figure S7, Supporting Information), indicating the stable
and constant measurement conditions. In addition, the PDMS
coating dramatically enhances the net cooling power for all APLs.
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Due to the absence of the atmospheric window in the indoor
setup, the net cooling power measurements only allow an indi-
rect comparison to the outdoor field tests. To illustrate the cooling
performance of PDMS-coated APLs more clearly, we normalized
the cooling power of the plain and PDMS-coated APLs by the
cooling power measured with a standard passive daytime cooling
sample namely a PDMS-coated Ag mirror (Figure S9, Supporting
Information). Compared to this standard passive cooling sample,
a comparable cooling power can be observed for all PDMS-coated
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Figure 3. a) Schematic of the setup used for outdoor measurements. Outdoor measurements for b) plain and c) PDMS-coated APL bags. The measure-
ment was carried out under a clear sky on 18.06.2022 in Bayreuth, Germany. d) Schematic of the blade coating technique and photographs of the entire
piece of the PDMS-coated chip bag, goods contacting side (left), and ink side (right). Application of the APL waste-based cooling foil on a target surface.
e) Schematic and photograph of temperature measurements for different samples. C1, transparent PET box covered with PDMS-coated chip bag; C2,
transparent PET box covered with plain chip bag; C3, transparent PET box. f) Temperature tracking of different samples and temperature differences
shown in (e). The measurement was carried out under a clear sky on 24.03.2022 in Bayreuth, Germany.

APLs in the dark. With the full power of solar light, the PDMS-
coated APLs could still provide up to 25% of the net cooling power
of the reference material.

To further verify the potential of APL waste as PDRC mate-
rial for energy saving, we determined the cooling performance

Adv. Mater. Technol. 2023, 8, 2300444 2300444 (5 of 9)

of plain and PDMS-coated APLs with field testing under a clear
sky in Bayreuth, Germany. Figure 3a illustrates the schematic of
the homemade setup, and a photograph of the setup is shown
in Figure S10 (Supporting Information). During the measure-
ment, the samples were placed into identical sample holders
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surrounded by styrofoam to block undesired thermal conduction.
A highly transparent, low-density polyethylene (LDPE) foil sup-
presses convective heat losses. Besides the tested sample APLs,
the temperature of the ambient and a graphite sample were also
collected for comparison. Figure 3b,c shows the real-time tem-
perature of the tested plain and PDMS-coated APLs under di-
rect sunlight. Due to substantial solar reflectance, the plain APLs
exhibit a much lower temperature than graphite. The tempera-
ture difference was 18.1, 19.7, and 21.2 K between graphite and
the chip bag, coffee bag, and mask bag, respectively, under av-
erage solar irradiation of 866.2 W m™2. The significant tempera-
ture difference confirms the potential of APLs as a back reflector
for PDRC. However, due to inadequate radiative heat release, the
temperature of all tested packaging bags is slightly higher than
the ambient. With the introduction of the PDMS coating, ther-
mal radiation is greatly facilitated for all APLs. This leads to co-
inciding ambient and sample temperatures under average solar
irradiation of 847.8 W m~2. In addition, a temperature difference
of about 22.5 K between graphite and the PDMS-coated APLs is
obtained. Despite the deviation of the absolute value between the
indoor measurement and the field testing, the trend agrees well.
The deviation is mainly attributed to the absence of the atmo-
sphere for the indoor setup and the inconsistent conditions be-
tween indoor and outdoor measurements, such as solar intensity
and humidity.

The cooling foils based on APL waste are flexible, possess ex-
cellent mechanical strength, and can be scaled up. In the first
step to accessing large area foils, stitching multiple packaging
bags via plastic joining techniques, including welding and adhe-
sive bonding,[?!] are expected to be suitable processes that need
to be adapted to APL waste. Concomitant with the areal scale-up,
a consistent high solar reflectance of the patches also needs to be
realized. These engineering challenges are beyond the scope of
this work. In the second step, an emitter layer, such as PDMS, can
be coated with well-established processing techniques, like blade
coating and roll-to-roll coating.??] Figure 3d shows a whole piece
of a chip bag coated with PDMS via blade coating. Such low-cost,
flexible, and free-standing cooling foils can be practically applied
to any target surface. To emphasize this point, we applied the
PDMS-coated chip bag to a standard transparent container us-
ing double-sided adhesive tape. Subsequently, we monitored the
temperature inside the cooling foil-covered container (C1) under
direct sunlight. The inside temperature of an identical container
(C3) and a plain chip bag-covered box (C2) were also recorded for
comparison. Figure 3e shows the schematic and a photograph of
the measurement. All samples were placed on an Al foil-covered
styrofoam plate to avoid undesired thermal conduction. In Fig-
ure 3f, we plotted the continuous inner temperature of different
containers and the temperature difference relative to C3, along
with the solar irradiation during the measurement. With reflect-
ing most of the solar light, the plain chip bag-coated container
(C2) shows a much lower temperature than the bare container
(C3), which exhibits a substantial amount of greenhouse warm-
ing. The average temperature difference is 7.2 K from 11:30 to
13:30, under an average solar irradiation of 668 W m~2. Further-
more, the cooling foil-covered container (C1) maintained its tem-
perature close to the open air temperature and is much lower
than C2 and C3 due to the high solar reflection and superior
heat release via MIR radiation. The average temperature differ-

Adv. Mater. Technol. 2023, 8, 2300444 2300444 (6 of 9)

www.advmattechnol.de

ence between C1 and C3 is 12.6 K. The much lower temperature
achieved with APL-based cooling foil proves that it can effectively
protect the target object from overheating under intensive solar
light. In addition, the protection will be more pronounced when
applying the cooling foil on surfaces of solar light-absorbing
materials.

To theoretically quantify the cooling performance of the plain
and PDMS-coated APLs, i.e., chip bag, coffee bag, and mask bag,
we calculated their net cooling power for both daytime, and night-
time (Figures S10 and S11, Supporting Information), based on
the radiative model,?*) P_ ;= P .. — Poun = Pum — Pronraa- HeTE,
P_.. is the emitter thermal irradiation power, P, is the solar
power absorbed by the emitter, P, . is the emitter absorbed power
from the atmosphere, and P, .., is the absorbed power caused
by conduction and convection, which is defined as P, .4 = h, -
(Tyomn — Topat)> and h is the nonradiative heat transfer coefficient.
Solar irradiation varies over the daytime. An average solar irra-
diation of 500 W m~2 is thus applied to the daytime calculations
(see the Supporting Information for calculation details). For the
plain APLs, a net cooling power of —33.7, —12.3, and 38.3 W m™
are expected for the chip, coffee, and mask bags, respectively. Be-
cause of the distinct inherent optical properties, only the mask
bag exhibits decent PDRC performance due to its high emissiv-
ity in the MIR regime. Still, a promising PDRC performance is
obtained for all APLs when coated with PDMS. The net cooling
power for the PDMS-coated chip, coffee, and mask bag is 71.3,
45.1, and 50.4 W m~2, respectively. Moreover, when the net cool-
ing power is zero, a subambient cooling of 4.9, 3.1, and 3.5 K
could be expected for the PDMS-coated chip bag, coffee bag, and
mask bag, respectively, with b, = 10 W m~2 K~ In the nighttime,
without the uptake energy from solar light, cooling performance,
in terms of net cooling power and subambient cooling, is greatly
enhanced for all cooling foils (Figures S11 and S12, Supporting
Information). The combination of indoor testing with controlled
parameters, the outdoor field tests under realistic conditions, and
the theoretical description all confirm the adequate optical prop-
erties of upcycled APL waste to be reused as (daytime) passive
cooling material.

In this work, PDMS is introduced as an exemplary emitter to
enhance the thermal radiation of the plain APLs. Various other
emitters could be applied to APLs, too, as long as they possess
low solar absorption and high mid-infrared emissivity. Gener-
ally, PDRC emitters can be classified into two categories: broad-
band emitters and selective emitters. Figure 4a plots the absorp-
tance/emittance spectra of an ideal broadband emitter (E, . 4,
=1, E, = 0) and a selective emitter (Eg < ; <13ym = 1
E; <gumv 4 >13um = 0) both with zero solar absorption. The ideal
broadband emitter has unit emittance over the entire MIR range,
while the ideal selective emitter exhibits unit emittance only in
the atmosphere window (8-13 um). To reveal the impact of the
emitter selectivity on the PDRC performance of APL waste-based
cooling foils, we calculated the net cooling power as a function of
average emissivity for both APL-supported broadband emitters
and selective emitters. For simplicity, the absorptance of the APL
support layer has been taken as constant (14%), and its emis-
sivity in the mid-infrared range was excluded from the calcula-
tion. Due to the fact that the solar intensity varies over the day-
time, the influence of solar intensity on cooling performance is
also considered in the calculation. As shown in Figure 4b, in the

<4 um
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Figure 4. a) Optical properties of an ideal broadband emitter and selective emitter. The gray dotted line indicates the solar absorption of the APL foil.
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foils is assumed as 0.86. The dotted lines indicate zero net cooling power. d) Predicted annual energy savings across the United States and mainland
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nighttime, at an emitter temperature of 26.85 °C (300 K), an in-
crease of the average emissivity of the entire cooling foil from 0
to 1 increases the net cooling power from 0to 215 and 132 W m~2
for the broadband emitter and selective emitter modified APL, re-
spectively. During daytime, the APL cooling foil reduces the net
cooling power by absorbing about 14% of solar energy. With a
solar radiation of 1000 W m™2, a selective emitter-modified APL
cannot exhibit a net passive cooling performance. To achieve a
net cooling performance with broadband emitter-modified APL,
the average MIR emissivity of the emitter layer should be larger
than 0.73. With an average emissivity of 1, a net cooling power
of 51.5 W m™2 can be achieved by the cooling foil under a so-
lar illumination of 1000 W m~2. Since solar light intensity varies
over the daytime and barely exceeds 900 W m~2, we firmly believe
that all APL-based cooling foils will ensure an appealing PDRC
performance throughout the entire day. Furthermore, these cal-
culations confirm the solar radiance-dependent measurements
(Figure 1c—e) and demonstrate that a reflectance of ~86 % of the
APL waste foil is sufficient for passive daytime cooling depend-
ing on the interplay between solar radiance and emissivity of the
emitter layer.

The upcycling of APL waste for the fabrication of passive day-
time cooling foils will significantly alleviate the predicament of
the current recycling of aluminum-laminated packing foils. In
addition, the APL-based passive daytime cooling foils are low-
cost, scalable, and flexible, allowing their widespread worldwide
application. To predict the energy-saving potential of APL-based
cooling foils on building energy efficiency, we predicted the year-
round cooling energy consumption for the United States and
mainland China using EnergyPlus (Version 9.6.0).12*] For the
simulations, 1020 and 270 locations across the United States
and mainland China, respectively, were included in the calcula-
tions. The optical properties of the traditional material (acquired
from EnergyPlus) and APL-based cooling foils that are input into
the model are listed in Table S1 (Supporting Information). The
energy-saving is obtained by comparing the energy consump-
tion between the traditional material and APL-based cooling foil-
covered outer walls and roof of a building. An energy-saving map
is created for the United States and mainland China, respectively,
as shown in Figure 4d. APL-based foils allow promising energy
savings in most areas, with expectedly higher energy savings in
the hotter southern areas. With the upcycling of APL waste for
PDRC, we believe that a substantial amount of cooling energy
can be saved annually, while simultaneously avoiding the large-
scale fabrication of additional APLs for this sustainable cooling
technology.

3. Conclusion

This work introduced a promising strategy to turn postconsumer
APL waste into high-value PDRC applications. We experimen-
tally and theoretically verified the potential of laminated Al foils
for passive daytime cooling. Due to the inherent presence of the
Al layer, APLs enable a high solar reflection, up to 86%. Using
the laminated Al foil as the back reflector and PDMS as an in-
frared emittance enhancer, a simple but effective passive daytime
cooling foil is fabricated, exhibiting remarkable cooling perfor-
mances. Moreover, such flexible cooling foils can be readily ap-
plied on any target surface, protecting it from harsh sunlight.
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We believe sustainable, low-cost, and scalable APL waste-based
passive daytime cooing foils can significantly contribute to envi-
ronmental protection while ensuring a substantial reduction in
global energy consumption for cooling applications.

4. Experimental Section

Sample Fabrication—Laminated Al Foil: Various laminated Al packag-
ing bags were collected from plastic waste, followed by cleaning with stan-
dard detergent and adequate water. Subsequently, the samples were rinsed
with ethanol and Milli-Q water and dried for further application.

PDMS-Coated Laminated Al Foil: A prepolymer of PDMS (Sylgard 184,
Dow Chemical) was mixed with a curing agent in a ratio of 10:1 (by weight)
and degassed in a desiccator under a vacuum. Subsequently, films with
a thickness of around 200 um were prepared via doctor blading on the
laminated Al foil. The PDMS layer was cured at room temperature for 48 h.

All the samples were cut to a size of dia. = 5 ¢cm for the indoor and
rooftop measurements.

SEM: The cross-section of a chip bag was prepared by cryo-fracturing
and cutting at room temperature with a razor blade. SEM images were
taken with a Zeiss Ultra plus (Carl Zeiss AG, Germany) at an operating
voltage of 3 kV and with in-lens detection.

Raman Spectroscopy Measurement: A confocal WiTec Alpha 300 RA+
Raman imaging system equipped with a UHTS 300 spectrometer and a
back-illuminated Andor Newton 970 EMCCD camera together with the
WITec Suite FIVE 5.3 software package was employed for Raman spec-
troscopy measurements. Typically, laser intensities of 2-5 mW and an in-
tegration time of 0.5 s (grating: 600 g mm~') were employed. Single spec-
tra were acquired with an excitation wavelength of 2 = 532 nm, and 50
measurements were accumulated for a spectrum. For line scans, a 100x
objective (Zeiss EC Epiplan-Neofluar 100x, NA = 0.9) was used, and the
step size was 0.2 um. All spectra were corrected for cosmic ray spikes
and subjected to a background removal routine. The WITec TrueMatch Ra-
man spectra database software in combination with a self-created polymer
database was applied to identify the polymer layer based on the obtained
spectra.

Optical Properties Characterization with UV-Vis and FTIR Spectroscopy:
Solar reflectance was measured by using a UV-vis spectrometer (Cary
5000, Agilent Technologies), equipped with an integrating sphere acces-
sory (Labspheres), with a fixed incident angle of 8°. A Spectralon diffuse
reflectance standard (Labspheres) was applied as the reference. Angular
reflectance measurements were carried out with samples placed inside the
integrating sphere at various angles with respect to the incident light. The
optical property of samples in the MIR regime was determined with an
FTIR spectroscopy (Vertex 70, Bruker) equipped with a gold-coated inte-
grating sphere accessory (A562, Bruker). A gold mirror was applied as the
reference. The absorptance (emittance) was calculated with absorptance
(emittance) = 1 - Reflectance. Transmission is assumed to be negligible
due to the presence of the Al layer.

Indoor Measurement for Cooling Performance Characterization:  For all
indoor measurements, dried air was warmed up by a water bath to 40 °C
and flushed in the area between the convection shield and measurement
cell with a volumetric flow rate of 80 In min~". The Al dome was cooled
with liquid nitrogen to about —190 °C. Before filling the liquid nitrogen into
the setup, the inner space of the dome is flushed with nitrogen to avoid
water condensation. The temperature of the dome is maintained constant
during the entire measurement by continuously filling liquid nitrogen into
the setup. A thermocouple (type T) is used for recording the temperature,
and data are collected by a digital multimeter (DAQ6510, Tektronix, Ger-
many) every 5s.

For the measurements with different solar intensities AM 1.5 solar light
is provided by a solar simulator (AX-LAN400, ScienceTech, Canada) with
anillumination area of 5 x 5 cm?. The solar intensity was changed stepwise
from 0% to 25%, 50%, 75%, and 100% of one sun (~1000 W m’z) after
the sample temperature reached a steady state.
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The cooling power measurement was conducted with a homemade
feedback heater. Samples were placed on the feedback heater and heated
to a predetermined temperature. The required heating power represents
the cooling power of the sample.

Rooftop Measurement: Rooftop measurements for the plain and
PDMS coated APLs were carried out on the roof of a three-floor build-
ing (18.06.2022, University of Bayreuth, Bayreuth, Germany) under a clear
sky. All the test samples were each placed in identical homemade sample
holders. The holders were thermally insulated by Styrofoam and covered
with Mylar aluminum foil. A LDPE foil with a thickness of ~15um is ap-
plied to prevent convective heat transfer. The temperatures of the sam-
ples were determined by Pt-100 temperature sensors and recorded with
a digital multimeter (DAQ6510, Tektronix, Germany) every 5s. One sam-
ple holder covered with Al foil instead of LDPE foil was used to obtain the
ambient temperature. The solar irradiance data were collected from the
weather station at the University Bayreuth (Ecological-Botanical Garden,
400 m away from the rooftop measurement).

Supporting Information

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