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Photochromic Thermoelectric Smart Window for
Season-Adaptive Solar Heat and Daylight Management

Weihao Meng, Augustinus J.J. Kragt, Xiaowen Hu, Julia S. van der Burgt,
Albertus P.H.J. Schenning, Yuchen Yue, Guofu Zhou, Laifeng Li, Ping Wei, Wenyu Zhao,
Yong Li,* Jingxia Wang,* and Lei Jiang

Photochromic smart windows have drawn increasing attention as an
approach to improve building energy efficiency and enhance indoor daylight
comfort. However, existing photochromic smart windows still block sunlight
from entering the room on sunny winter days, causing additional energy
consumption for heating. Herein, a dual-mode smart window is designed with
decoupled photo and thermal functions by combining colorless Fe-doped
WO3 photochromic film with window rotation. Based on this, selective
heating and cooling of the room between winter and summer is achieved
while maintaining the daylight comfort benefits during all seasons. As a proof
of concept, the smart window reduces the temperature of a model house by
up to 7.9 °C in summer mode, while in winter mode the temperature is only
reduced by 0.7 °C. The proposed seasonally adaptive dual-mode smart
window obtains by window rotation overcomes the limitations of
conventional photochromic smart windows, which not only achieves better
energy efficiency but also retains improved daylight comfort. Furthermore, it
demonstrates that the heat absorbed by the smart window can be harnessed
to produce electricity through the integration of thermoelectric modules within
the glazing, which enhances its impact on reducing energy consumption.

1. Introduction

Dramatic global climate change, represented by the 2023 global
heat waves, warns us of the urgent need for energy efficiency
and reduction of CO2 emissions. Buildings account for ≈34%
of global energy consumption and 37% of energy-related CO2
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emissions in 2022.[1] Among this, 50%
of building energy consumption is spent
on building heating, ventilation, and
air-conditioning systems, highlighting
the significant demand for temperature
control in building spaces.[2–4] In partic-
ular, heat transfer through the building
envelope has been reported to account
for more than 50% of the total building
thermal load. Therefore, the improve-
ment of energy efficiency of the building
envelope is crucial for achieving en-
ergy savings and reducing emissions.[5]

Windows are considered to be the least
energy-efficient component of a building’s
envelope due to heat loss in winter and
solar heat gain in summer.[6] Current
approaches to this challenge include: 1)
Inhibiting the energy exchange between
indoor and outdoor by insulating ther-
mal conduction, convection, and radiation
of windows, which is achieved by using
gas-filled, aerogel[7,8] double glazing and
Low-E glass; 2) Dynamically modulating
emittance or transmittance of windows

under external triggers to accommodate the heating/cooling
needs of the buildings in different seasons. The triggers
for the system can be human energy inputs, including me-
chanical (stretching[3,9] or flipping[10]) and electrical[11–14] ac-
tion or changes in the environment, such as temperature
(thermochromic)[15–24] and light intensity (photochromic).[25–29]
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Thermochromic and photochromic (PC) smart windows are
considered to be a better choice than mechanically or electrically
driven smart windows due to their structural simplicity, passive
light modulation, and zero energy input. Thermochromic and
photochromic smart windows modulate the energy flux of solar
radiation through windows by improving either their absorbance
or scattering. Smart windows with tunable scattering including
hydrogels,[17–20] ionic liquid gels,[21,22] and liquid crystals[23] of-
fer advantages in transparency and solar modulation. However,
their scattering affects the field of view and people’s observa-
tion of the outdoors. Smart windows made of materials such as
VO2,[15,16] perovskite,[24] and WO3

[25–29] can adjust their sunlight
absorption, while still remaining see-through. However, most of
the current research focuses on the direct transmittance of sun-
light (Tsol) and ignores the solar heat absorbed by the window.
The transfer of this heat into the room can lead to an increase in
the room temperature, reducing the energy efficiency of smart
windows in summer. However, this part of energy can also be
captured and used, for example, to heat up the room in winter or
to generate electricity through thermoelectric conversion.[30]

Beyond heating, windows also need to provide sufficient total
interior illumination while limiting excessive brightness and lo-
calized glare.[31] PC smart windows have sufficient advantages in
this respect because the trigger for photochromism is the inten-
sity of sunlight. At high solar intensities, PC smart windows will
be in their tinted state, preventing excessive brightness and glare
in the room, while at low solar intensities, they will be transpar-
ent and maximize daylight entrance. However, in terms of en-
ergy efficiency PC smart windows are not the optimal choice in
countries with more variable weather conditions throughout the
seasons. Although they can provide more annual energy savings
compared to non-adaptive solar control systems, they will induce
an additional energy use for heating in winter, as on sunny winter
days the tinted state will also block solar heat.[32] Window rotation
technology is a simple and effective approach to accommodate
the thermal management needs of building interiors in different
seasons and has been extensively investigated for dynamic build-
ing envelopes.[33–37]

Here, a dual-mode smart window with decoupled photo and
thermal functions is achieved by combining photochromic film
technology with mechanical window rotation, which improves
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the energy efficiency of photochromic smart windows in win-
ter, while maintaining the daylight comfort benefits through all
seasons. The summer mode of the smart window can modulate
the visible light entering the room to increase daylight comfort.
It also can reduce the solar heat entering the room to lower the
indoor temperature, which will reduce the energy consumption
required for cooling. The winter mode of the smart window not
only modulates the visible light but also allows solar heat to en-
ter the room even when tinted, which avoids additional energy
consumption for space heating. As a result, in climates with sig-
nificant seasonal variations, the use of dual-mode photochromic
smart windows can increase energy savings by up to five times
compared to using the summer mode alone. In addition, this
work shows the possibility of generating electricity by utilizing
the heat absorbed by the photochromic film.

2. Results and Discussion

2.1. Preparation and Photochromic Process of the PC Film

For an ideal PC smart window, a high solar modulation and a
fast and reversible switching speed are desired. In our previous
work, we developed copper-doped tungsten trioxide (WO3) and
polymethyl methacrylate (PMMA) composite photochromic (Cu-
W-PC) films.[32] The copper doping was effective in accelerating
the bleaching process, that is, the recovery of the PC film from
the tinted to the transparent state. However, the introduction of
copper ions resulted in a yellowish color of the prepared films
in the transparent state, which is unfavorable for a window ap-
plication. Here, we tried different metal ion doping (Figure 1A)
to accelerate the bleaching process without causing color dis-
tortions (Figure S1, Supporting Information) using our blade-
coating method. It was found that the Fe-doped WO3-PMMA
photochromic (Fe-W-PC) films were able to meet the require-
ments for both color neutrality and accelerated bleaching. The Fe-
W-PC films are in the transparent state immediately after prepa-
ration, whereas the other ion-doped W-PC films exhibit a tinted
state after preparation, indicating that they do not oxidize the W-
ions to the desired oxidation (W6+) state (Figure S1, Supporting
Information). In addition, the transmittance spectra of different
ion-doped W-PC films show scattering in the visible region, in-
dicating a too large WO3 particle size, whereas the Fe-W-PC film
shows a high color-neutral transparency in the transparent state.
Photographs of the Fe-doped W-PC films with different concen-
trations all show rapid and uniform tinting when irradiated with
a solar lamp (Figure S2, Supporting Information), and the fastest
bleaching rate is observed with 40 mol% (relative to W) Fe dop-
ing (Figure S3, Supporting Information). Therefore, unless oth-
erwise stated, all subsequent Fe-W-PC films will be prepared with
40 mol% Fe doping.

The prepared Fe-W-PC film exhibited a colorless and transpar-
ent state when not exposed to sunlight. After sunlight exposure,
it uniformly turned to a blue tinted state (Figure 1B). The uni-
form color change is achieved due to the consistent thickness
(≈50 μm) of the Fe-W-PC film and the homogeneous distribution
of WO3 nanoparticles (with a mean size of 8.5 nm) are the basis
for achieving a uniform color change. This can be observed in the
scanning electron microscopy (SEM) pictures in top- and cross-
view and the corresponding energy dispersive spectrometer
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Figure 1. Preparation and working principle of Fe-W-PC film. A) Schematic depiction of the blade coating fabrication process for the Fe-W-PC film:
FeCl3/WCl6/N,N-dimethylformamide.(DMF) solution and PMMA/1,2-Dichloroethane (DCE) solution were thoroughly mixed and then blade-coated
and dried to form a film. B) Photos of Fe-W-PC film in transparent state (left) and tinted state (right). C,D) Absorbance (C) and transmittance (D)
spectra of the Fe-W-PC film during the tinting (irradiation with solar light, 100 mW cm−2). E) Transmittance spectra of the Fe-W-PC film during the
bleaching process. F,G) Tlum and Tsol changes of the Fe-W-PC film during the (F) tinting and (G) bleaching process. H) Transmittance changes of the
Fe-W-PC films at 1050 nm during more than 50 cycles of tinting and bleaching.

(EDS) mapping (Figure S4, Supporting Information). The high
transparency of the Fe-W-PC film is due to the small particle
size of the WO3 nanoparticles, as observed by the Aberration-
Corrected High-Angle Annular Dark-Field Scanning Transmis-
sion Electron Microscopy (HAADF-STEM) photographs (Figure
S5, Supporting Information). This small particle size and high
dispersion of WO3 is achieved through the proposed limiting
effect[32] of PMMA during the in situ growth of WO3 in PMMA
(Figure S6, Supporting Information). The additional absorption
peak resulting from Fe doping is located at 360 nm (inserted
Figure 1C), while the corresponding absorption peak for Cu dop-
ing is located at 400 nm.[32] Therefore, the Fe-W-PC film ap-
pears colorless whereas the Cu-W-PC film appears yellowish.
The Fe-W-PC film has a great UV shielding effect due to the ab-
sorption of UV light caused by WO3 and Fe doping. This can
effectively reduce the intensity of UV light entering the room
(Figure S7, Supporting Information). The photochromic effect

of the Fe-W-PC film was further explored by irradiation with a
solar spectrum mimicking lamp (100 mW cm−2), which demon-
strated changes in absorbance (Figure 1C) and transmission over
time (Figure 1D). As the irradiation time increases, the Fe-W-PC
film gradually absorbs more light in the visible and near-infrared
range, resulting in a blue tint. This tint is caused by the valence
change of W (from W6+ to W5+). At the same time, the absorption
at 360 nm gradually decreased, which is derived from the valence
change of Fe. The increase in absorption leads to a decrease in the
transmittance. During the initial stage of tinting (within 1 min of
irradiation time), there is a significant decrease in transmittance
of the near-infrared range, without significant change in the vis-
ible range (Tlum). The transmittance change in the near-infrared
band (1100–2500 nm) mainly originates from the localized sur-
face plasmon resonance (LSPR) mechanism. This mechanism
arises from the collective oscillations exhibited by the sufficient
photogenerated electrons injected into the conduction band of
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Figure 2. The design of the SDP smart windows and the effect on indoor temperature. A) Design and working principles of the SDP window. B) Schematic
representation of the model house with the SDP window. C–F) Temperature curves for the model houses with the SDP windows in (C)summer mode,
(D) summer mode without Fe-W-PC film, (E) winter mode, and (F) winter mode without Fe-W-PC film under the simulated sunlight 100 mW cm−2 for
4000 s.

WO3.[38–39] As the irradiation continues, the transmittance in the
visible range decreases significantly. The decrease is primarily
caused by the transfer of electrons between tungsten ions with
different valence states, that is, the small polariton hopping be-
tween two unequal tungsten ions (W6+ and W5+).[40] After 30 min
of irradiation, Fe-W-PC is fully tinted, resulting in a transmit-
tance decrease across the visible and near-infrared parts of sun-
light, ranging from 400 to 2500 nm. The tinted Fe-W-PC film
gradually bleaches and returns to its original transparent state
in the absence of sunlight irradiation. This causes a gradual in-
crease in its transmittance(Figure 1E). During the tinting pro-
cess, Tlum decreased from 91% to 60%, and solar transmittance
(Tsol) decreased from 84% to 40% (Figure 1F). After ≈1 h of
bleaching, Tlum is fully recovers (Figure 1G). However, this pro-
cess takes ≈5 h in the near-infrared part (Figure 1E). Further-
more, the tinting and bleaching processes of the Fe-W-PC films
exhibited excellent cycling stability, without significant changes
in the spectra after 50 cycles (Figure 1H). The Fe-W-PC film is

also highly flexible with a tensile strength of 38.5 MPa, making
it suitable for direct application to glass (Figure S8, Supporting
Information). As smart windows are frequently used in outdoor
environments for extended periods, we tested the contact angle
of the Fe-W-PC film. It was 72.5° in the tinted state and 65.0° in
the transparent state (Figure S9, Supporting Information).

2.2. Dual-Mode Photochromic Smart Window

Inspired by the rotation technology for dynamic thermal man-
agement of building envelopes, we designed an asymmetric
structure for single glazed dual-mode photochromic (SDP) win-
dow with seasonal adaptability. The structure consists of low-
emissivity indium tin oxide (ITO glass) and Fe-W-PC film
(Figure 2A). The orientation of the Fe-W-PC film and ITO glass
can be changed by rotation, allowing for switching between
winter and summer modes of the SDP window. Due to the

Adv. Funct. Mater. 2024, 34, 2402494 © 2024 Wiley-VCH GmbH2402494 (4 of 10)
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UV-absorbing effect of the ITO glass (Figure S10, Supporting In-
formation), the photochromic effect of the SDP window in win-
ter mode is slightly suppressed (Figure S11, Supporting Informa-
tion). However, it still adequately modulates the sunlight entering
the room to improve the daylight comfort. During winter, the ITO
layer with low emissivity faces the outdoors to limit the radiation
heat loss, while the Fe-W-PC film with high emissivity faces the
indoors to transfer the absorbed heat to the interior of the room.
During summer, the SDP window should be rotated so that the
Fe-W-PC film faces outside. This allows the photochromic effect
of the Fe-W-PC film to automatically modulate the solar heat and
daylight entering the room, which is helpful in reducing the en-
ergy consumption required for indoor cooling and improving the
daylight comfort. Simultaneously, the high emissivity of the Fe-
W-PC film allows heat transfer to the outside, while the low emis-
sivity of the ITO layer reduces the heat absorbed by the Fe-W-PC
film to be radiated to the inside of the room (Figure S12, Support-
ing Information).

Model tests were conducted to investigate the energy-saving
performance of the SDP smart window as a proof of concept
(Figure 2B). A 15 × 1 5 × 15 cm3 box was used as a model, and the
air temperature inside the box as well as the temperature of the
inside and outside surfaces of the SDP window were recorded
during irradiation with a solar lamp (100 mW cm−2) for analy-
sis (Figure 2C–F). In the summer mode of the SDP window, the
temperature inside the box (Figure 2C) was 3.9 °C lower than
that without Fe-W-PC film (Figure 2D), while in the winter mode,
the temperature inside the box (Figure 2E) was only 2 °C lower
than the case without Fe-W-PC film (Figure 2F). This demon-
strates that SDP smart windows can reduce the indoor tempera-
ture in the summer and suppress this cooling effect in the win-
ter. In summer mode, the temperature on the inside and outside
surfaces of the SDP window both reached ≈54 °C, much higher
than the indoor temperature, which comes from the absorption
of sunlight by the tinted Fe-W-PC film. Although the ITO glass
with low emissivity on the inside surface suppresses heat radi-
ation to the interior, high temperature of the inside surface still
results in heat transfer and heat convection into the interior of
the room, leading to an increase in room temperature and con-
sequently, an increase in cooling energy consumption. In winter
mode, surface temperatures of both the inside and outside of the
SDP windows are lower compared to the summer mode. This
is due to the photochromism of the Fe-W-PC film being some-
what suppressed, resulting in less heat absorption. However, the
higher outside surface temperature of the winter mode is still a
concern, as it may lead to heat loss.

Considering the above thermal disadvantages of the SDP
smart windows, we designed a dual-mode photochromic smart
window, which combines commercial Low-E coated double glaz-
ing with the Fe-W-PC film (DDP window). The strategy for imple-
menting the DDP window is similar to that of the SDP window,
in that they are all catered for different seasons with a simple rota-
tion (Figure 3A,B). In addition to having the same Low-E surface
as the SDP window, the double-layer construction of the DDP
window and the inert gas filling further reduces the energy ex-
change between its inside and outside surfaces, thus increasing
its thermal insulation. The photochromism of DDP window al-
lows Tlum to follow the outdoor light intensity in winter and sum-
mer, improving daylight comfort. The Fe-W-PC film retains its

tint and solar heat absorption properties during the winter. How-
ever, due to the excellent insulation of DDP windows, this heat
is mainly transferred to the interior of the room, effectively heat-
ing the room. During summer, the heat absorbed by the Fe-W-
PC film is mainly transferred to the exterior, reducing the indoor
temperature and the energy consumption required for indoor
cooling. By combining photochromic technology with mechan-
ical rotation, the designed DDP window achieves the decoupling
of photo and thermal functions. This improves indoor daylight
comfort in both winter and summer while providing beneficial
thermal functionalities for both seasons.

Photos of DDP windows in winter and summer mode before
(Figure 3C) and after photochromic (Figure 3D) show that after
forming a DDP window with Low-E coated double glazing the Fe-
W-PC film can still maintain a uniform tinting in sunlight. This
ability is the basis for their capacity to modulate visible light en-
tering the room and enhance indoor daylight comfort. Infrared
photographs were taken of the inside and outside surfaces of the
DDP windows in sunlight in winter and summer modes. The re-
sults showed significant temperature differences (Figure 3E,F).
During the winter mode, the Fe-W-PC film on the inner surface
increased the temperature by 40.8 °C after absorbing sunlight
(Figure 3F), which is 4 °C higher than the outer surface temper-
ature of 36.8 °C (Figure 3E). This facilitates heat transfer to the
indoors. During the summer mode, the temperature of the inner
surface of the DDP window is 33.5 °C, while the outer surface
temperature is 48.8 °C. This temperature difference of 15.3 °C
allows heat transfer to the outdoors.

The energy-saving effect of the DDP windows was verified us-
ing the same model (Figure S13, Supporting Information). In the
winter mode of the DDP window without Fe-W-PC (Figure 4A),
the air temperature inside the box reached 31.1 °C after irradia-
tion. After equipping the window with Fe-W-PC film, the air tem-
perature inside the box reached almost the same level (30.5 °C,
Figure 4B). The Fe-W-PC film on the inside of the DDP window
absorbs solar heat, which is then transferred more to the interior
during the winter mode. However, the transfer of heat to the ex-
terior is blocked by the Low-E-coated double windows. Due to the
superior thermal resistance of the Low-E coated double window,
the temperature difference between the air inside the box is just
0.6 °C. This is considerably lower than the temperature differ-
ence created by SDP windows (2 °C) under the same conditions.
During the summer mode (Figure 4C), the temperature of the
outside surface of the DDP windows reached as high as 55.5 °C,
which is 22.8 °C higher than the inside surface (32.7 °C). This
indicates that the heat absorbed by the Fe-W-PC film is blocked
by the Low-E-coated glass pane. Consequently, the air tempera-
ture inside the box (27.8 °C) is 4.1 °C lower than the box with a
DDP window without Fe-W-PC film (Figure 4D). Our view is con-
firmed by outdoor tests. The box equipped with the DDP window
in summer mode reduced the maximum indoor temperature by
7.9 °C (Figure 4E) on a sunny summer day, as intended for this
season. In contrast, the DDP window in winter mode did not re-
duce the indoor temperature. The maximum indoor temperature
of the box equipped with the winter mode DDP window was only
0.3 °C lower than the window without Fe-W-PC film (Figure 4F)
during a sunny winter day. However, using a DDP window in
summer mode would reduce the indoor temperature by 3.9 °C,
which is not desirable during the winter season. In summary, the
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Figure 3. The design and working principles of the DDP smart window in A) winter mode and B) summer mode. Photos of the DDP window in C)
transparent state and D) tinted state (right). Infrared photos of the E) outside and F) inside surfaces of the DDP windows in sunlight in winter mode
and in summer mode.

rotation of the DDP window enables different modes for winter
and summer, each with different heating effects on the room. The
summer mode re-radiates less heat into the room than the winter
mode.

In addition to regulating the heating by solar radiation for sea-
sonal temperature control, the temperature difference between
the inner and outer surfaces of the DDP window can be utilized to
generate electricity through thermoelectric devices, as illustrated
in Figure 5A. The thermoelectric device is placed between the two
glass layers of the DDP window and distributed along its edges.
The Fe-W-PC film continuously collects heat and conducts it lat-
erally through the glass to the thermoelectric devices. The genera-
tion of electric current under direct sunlight irradiation was mea-
sured using a current multimeter. The thermoelectric devices in
the DDP windows with Fe-W-PC film can deliver an output volt-
age of 54.6 mV (Figure 5B, left) by directly harvesting from the
outdoor sunlight. In comparison, the output voltage is 37.1 mV
without Fe-W-PC film (Figure 5B, right). The plots of current–
voltage and current–power density under outdoor sunlight show
the open-circuit voltage (80 mV) and the maximum power den-
sity (0.15 mW) for the DDP windows with Fe-W-PC film. These
values are higher than those without Fe-W-PC film, which were
60 mV and 0.076 mW, respectively. This demonstrates the poten-
tial of energy harvesting through thermoelectric devices in DDP
windows.

2.3. Energy-Saving Potential of DDP Windows

To demonstrate the energy-saving potential of the DDP win-
dows, we used DesignBuilder to calculate the energy consump-
tion of an office building equipped with DDP windows (Figure
S14, Supporting Information). Steady-state optical properties are
demonstrated for Fe-W-PC films attached to single glass panels
at different sunlight intensities (Figure S15, Supporting Informa-
tion), which were used to calculate the variation of visible light
transmittance (Tlum) and solar heat gain coefficient (SHGC) of
DMP windows with solar intensity in winter and summer mode
(Figure 6A). The Tlum of the DDP window decreases with increas-
ing sunlight intensity in both winter and summer modes, which
is consistent with our design and indicates its ability to increase
indoor daylight comfort. SHGC is a measure of the amount of
solar radiation that enters a building through a window and is re-
leased as heat. It takes into account both the direct transmission
of sunlight through the window, which is affected by the win-
dow’s solar transmittance (Tsol), and the secondary heat transfer
to the interior after the sunlight is absorbed by the window. The
SHGC of the summer mode decreases significantly with increas-
ing sunlight intensity, indicating that the amount of heat entering
the room during summer can be adjusted adaptively according
to the intensity of sunlight. In contrast, the SHGC of the winter
mode varies little with the sunlight intensity. This is because the

Adv. Funct. Mater. 2024, 34, 2402494 © 2024 Wiley-VCH GmbH2402494 (6 of 10)
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Figure 4. The effect of the DDP smart window on indoor temperature. A–D) Temperature curves for the model houses with the DDP windows in (A)
winter mode, (B) winter mode without Fe-W-PC film, (C)summer mode, and (D) summer mode without Fe-W-PC film under the simulated sunlight
100 mW cm−2 for 4000 s. E,F) Temperature curves for the model houses with the DDP windows under field test for 1 sunny day in (E) summer and (F)
winter mode.

heat absorbed by the Fe-W-PC film is mainly transferred inside
the room, resulting in a relatively constant SHGC. The findings
suggest that DDP windows can decrease the amount of solar heat
entering a room during summer while having minimal impact
during winter.

Based on the window characteristics at specific sunlight in-
tensities we calculated the annual energy consumption on light-
ing, heating, and cooling of a model office equipped with the
DDP windows in nine cities with different climates using De-
signBuilder (Figure S16, Supporting Information). To assess the
impact of the DDP windows, we also included calculations for

energy consumption without the Fe-W-PC film (Figure 6B). The
energy consumption of DDP windows in winter mode is min-
imally impacted compared to the case without Fe-W-PC films.
This is because the DDP windows in winter mode have a consis-
tent SHGC and do not reduce the solar heat entering the room.
On the other hand, the use of the DDP windows in summer mode
reduces energy consumption for cooling in all cities. Especially
in warm regions, such as Johannesburg, it can be achieved en-
ergy savings of up to 50.6% per year. However, the energy saving
benefits of the DDP windows in summer mode may not be as
pronounced in areas with significant seasonal weather changes

Figure 5. A) Schematic illustration of the architecture for the DDP window with thermoelectric devices. B,C) Proof-of-concept demonstration of the
power-generating performance (B) and measured current–voltage and current–power density plots (C) of thermoelectric devices sandwiched between
a typical DDP window with or without Fe-W-PC film.

Adv. Funct. Mater. 2024, 34, 2402494 © 2024 Wiley-VCH GmbH2402494 (7 of 10)
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Figure 6. Simulation of the energy-saving performance of the DDP windows. A) Variation for Tlum and SHGC of the DDP windows in winter and summer
mode under different light intensities. B) Calculated annual energy use of the model office equipped with the DDP window in different cities. The energy
saving percentage of the DDP windows in summer and winter mode compared to the situations without Fe-W-PC film were put on top of the bars. C)
Calculated monthly energy use of model office enveloped with the DDP window in Calgary. D) Calculated annual energy use and energy saving of the
model office equipped with the DDP window in continuous summer mode and switching mode in Beijing, Amsterdam, Calgary, and Stockholm.

and high heating demands during winter. This is due to the fact
that the DDP windows in summer mode also limit the amount
of solar heat entering the room during colder weather, which can
result in increased heating energy consumption. Therefore, in
these cities, the DDP windows should be in summer mode when
the building’s energy is consumed primarily for interior cool-
ing. In contrast in winter mode when the building’s energy is
consumed primarily for interior heating. In Calgary, for exam-
ple (Figure 6C), the energy used for indoor heating accounts for
the majority of energy consumption in January, February, March,
October, November, and December. Therefore, the DDP windows
in winter mode result in lower indoor energy consumption com-
pared to summer mode. Conversely, for the remaining months,
the indoor energy consumption is mainly due to cooling, making
the energy-saving effect of the DDP windows in summer mode
is more apparent. In summary, the rational switching of the DDP
windows between winter and summer modes during the year
can effectively improve the energy efficiency of buildings in ar-
eas with large seasonal weather changes (Figure 6D; Figure S17,
Supporting Information). In Calgary, the model office equipped
with the DDP windows saved only 3.9% of energy consumption
in summer mode compared to the DDP windows without Fe-W-
PC film. However, rotating the DDP window between summer
and winter modes in April and October, respectively, resulted in
a 20% of energy consumption reduction, which is more than a

fivefold increase in energy savings. Similar results were observed
in Beijing, Amsterdam, and Stockholm, the energy savings effect
was also increased accordingly.

3. Conclusion

The as-prepared DDP smart windows exhibit seasonally adaptive
solar thermal and light management properties, which realize de-
coupled photo and thermal functions under different seasons by
the rotatable structure design. In summer mode, the DDP win-
dow not only improves the indoor daylight comfort by regulating
the visible light entering the room (ΔTlum = 39%) but also low-
ers the indoor temperature (7.9 °C) and reduces the energy con-
sumption required for indoor cooling by reducing the solar heat
gain (ΔSHGC = 0.36) entering the room. In winter mode, how-
ever, the DDP windows do not block the solar heat from entering
the room (ΔSHGC = 0.03), resulting in a limited reduction of
indoor temperature (0.7 °C) and minimal additional energy con-
sumption for heating. Switching DDP windows between winter
and summer modes can enhance the energy-saving potential of
photochromic materials by up to five times in climates with high
seasonal variability. In addition, the heat absorbed by the smart
window can be used to generate electricity, increasing its appli-
cation potential in the energy sector.

Adv. Funct. Mater. 2024, 34, 2402494 © 2024 Wiley-VCH GmbH2402494 (8 of 10)
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4. Experimental Section
Materials: Tungsten chloride (WCl6), iron (III) chloride (FeCl3), Plat-

inum (IV) chloride (PtCl4), tin (IV) chloride (SnCl4), cobalt (II) chloride
(CoCl2), zinc (II) chloride (ZnCl2), manganese (II) chloride (MnCl2), bis-
muth (III) chloride (BiCl3), chromium (III) chloride (CrCl3), nickel (II) chlo-
ride (NiCl2), and 1,2-Dichloroethane were purchased from Aladdin. DCE
and DMF were purchased from Sinopharm Chemical. PMMA (heat stabil-
ity injection grade) was purchased from Shanghai Macklin. UV absorber
was purchased from Ningbo Xuhong Energy Saving Technology Co. Ltd.
ITO glass and double-layer Low-E glass was purchased from Intex Glass
(Xiamen) Co. Ltd.

Preparation of the PC Films Doped with Different Ions: A control coater
(PF400, Jiangsu LEBO) was used to prepare the PC films. WCl6 (0.6 g) was
dissolved in 3 mL of DMF and different metal-chlorides were added sep-
arately, and the molar ratio of the doped metal ions to elemental W was
maintained at 40 mol%. The mixture was stirred for 2 h at room temper-
ature to form a solution. PMMA (8 g) was dissolved in 16 mL of DCE for
8 h at room temperature. The two are mixed and stirred for 1 h at room
temperature to obtain a precursor solution for the PC films. Then, the coat-
ing was applied using a 200 μm gap, which was pushed forward over the
mixture automatically by the coater at 70 °C on the glass substrate sur-
face. The speed of the applicator movement was ≈100 mm s−1. And it
was placed on the hotplate of the applicator at 70 °C for 30 min to evapo-
rate the solvent. After detaching the coating layer from the substrate, the
PC film was obtained.

Preparation of the PC Films Doped with Different Fe Concentrations:
Consistent with the above process, except that the weight of FeCl3 was
varied to obtain Fe-W-PC membranes with Fe elemental concentrations
of 20 mol%, 40 mol%, 60 mol%, 80 mol%, 100 mol%, and 120 mol%,
respectively.

Preparation of the DDP Windows with Thermoelectric Devices: A flat
panel thermoelectric device with model 03103, having a size of 15 mm× 15
mm × 3.5 mm, was arranged around the glass at 10 mm intervals, with
4 units on each side, totalling 16 units. The wires of each thermoelectric
device were connected in series with the high-temperature heat absorbing
end facing upward and soldered together. The upper surface of the lower
glass is coated by a Low-E film, while the upper surface of the upper glass
is covered by the Fe-W-PC film. Thermal conductive silicone grease is used
between the device and the glass to fix the thermoelectric devices. The de-
vice resistance with no temperature difference at both ends was tested
with a multimeter. The devices were placed in sunlight for more than 30
min to achieve a balanced state of the Fe-W-PC film. A KEITHLEY 2401
voltmeter was used for testing the output voltage Vp generated under dif-
ferent output currents Ip.

Characterizations: The transmission, reflection, and absorption spec-
tra of the Fe-W-PC films were recorded at intervals with a spectrometer
Cary 7000, Agilent with integrating sphere attachment during the solar
simulator (PL-X300DF) illumination (100 mW cm−2) and at intervals dur-
ing the bleaching process. The process was repeated by varying the inten-
sity of the solar simulator. The light intensity is calibrated by CEL-NP2000-
2(10)A, CEAULIGHT. All pictures are obtained by a D7200 Nikon camera.
SEM images were obtained by an S-4300. HAADF STEM images were ob-
tained by a JEM-ARM300F.

Energy Performance Calculations: To define the glazing characteristics,
the Fe-W-PC film was placed on a single clear glass plate of 2 mm thick. The
transmission and reflection measurements were performed after main-
taining various sunlight intensities using a PL-X300DF solar simulator for
30 min allowing the film to reach a steady state. This was done upon in-
creasing and decreasing the sunlight intensity to include hysteresis be-
tween the steady states during the tinting and bleaching process. The
steady-state spectra at a certain sunlight intensity were averaged and im-
plemented in the LBNL software Optics6 to define the optical properties
at a certain sunlight intensity. The model office was designed in Design-
Builder according to the previous work.[32,37] During the simulations all
modeling parameters are kept constant, except for the glazing. It is de-
signed within DesignBuilder for the Low-E coated double glazing with and
without Fe-W-PC film in both summer and winter mode. For the Low-E

coated glass plate, the input optical data from Saint-Gobain Eclaz 4 mm
were taken from the IGDB database in DesignBuilder. Argon 16 mm was
chosen as gas filling between the two glass plates. For the reference case
without Fe-W-PC film, the second glass pane was defined by the optical
properties of the 2 mm glass plate. For the case with Fe-W-PC film, the
second glass pane was defined by the optical properties of the 2 mm glass
plate with the Fe-W-PC film in its transparent state as measured. To in-
troduce the photochromic effect in the calculation, the “window shading”
feature was used. Here, the optical properties of the second glass pane at
various sunlight intensities were defined based on the optical properties
determined above. The window shading was controlled by “daylight only”
and operates “24/7′ to mimic the autonomous working principle of the
Fe-W-PC film. For the model calculation each window was provided with
a single light-intensity ‘sensor”, so the various windows of the building
model operate individually. The weather data files were downloaded from
www.climate.onebuilding.org, which provides Typical Meteorological Year
(TMY) datasets for the specific locations, which were then imported into
the DesignBuilder model.

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