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portion of solar energy, the portion primarily responsible for indoor 
heat generation [17]. This means more daylight and less heat gain. In 
the last two decades, an enormous amount of research has been done 
on low-e coatings, due to their high IR reflection properties (around 
92%) [18]. There are two types of low-e coatings: silver-based soft 
coatings and tin oxide-based hard coatings [19]. The former offers 
higher infrared (IR) reflectance (92%) and lower transmittance than 
the latter [20], but the visible light transmittance of oxide-based 
hard coatings can be increased via the anti-reflecting property of 
silicon dioxide [21]. A quality low-e coated window reduces heat 
gain from solar radiation, saving up to 47% and 35% of high cooling 
demand and total energy, respectively [16]. Moreover, low-e coat
ings’ effect on longwave IR enables heat from warmed interiors in 
winter to be trapped inside, significantly reducing heat loss [22], and 
maintaining sensible and latent cooling [23]. 

• Solar Absorption: Instead of reflecting solar heat back to the out
doors, the absorption of solar radiation through glazings and window 
systems can also achieve solar heat gain modulation. The most 
typical strategy is to use tinted glazings. The addition of metal oxides 
(e.g., iron, manganese, chromium) to molten glass can form a glass 
tint, the color of which depends on the metal oxide used. Tinted 
glazings can boost the solar absorption of glass by 10% (for clear 
glass) to 60% [24]. Such solar-absorptive windows can significantly 
reduce the solar radiation transmitted, so solar absorptive smart 
windows are primarily used for cooling purposes in hot climates and 
reducing discomfort from glare. For instance, around 47% of cooling 
energy can be saved in hot climates [17]. However, it is worth 
mentioning that all absorbed solar radiation is transformed into heat 
within the structure, thus raising the glass temperature. The surface 
temperature of tinted glazing is 6.6 ◦C higher in summer than clear 
glazing, and the converted thermal energy is eventually transferred 
to the ambient environment, including the interior [24]. For 
example, compared to single-pane windows, tinted coatings on the 
internal layer or windowpane in multi-pane window structures can 
relatively enhance the inward heat flow [25]. However, analyses 
have shown that they still reduce solar heat gain because of the 
significant reduction in transmitted solar heat. This inward-flowing 
heat is considered in the standardized SHGC calculations, but may 
not have significant effects on the resultant SHGC values. This 
feature has been verified in several prior studies [26]. In other words, 
although the high solar absorption of windows may bring some heat 
addition to the interior, the reduction of transmitted solar heat gain 
is much more significant, substantially reducing the solar heat gain 
overall.  

• Dynamic fashion: In addition to the above passive solar heat gain 
control techniques, the last several decades have seen the 

development of numerous dynamic glazing technologies. The major 
function of such dynamic controls is switching the solar transmission 
between high and low levels. This is accomplished during specific 
seasons by adjusting the solar reflection, absorption, or both (i.e., 
high reflection and moderately strong solar absorption). For 
instance, thermochromic materials have been used for smart window 
applications, due to their spectral variations in response to temper
ature, switching between clear (i.e., low solar absorption) and tinted 
states (i.e., high solar absorption). The solar transmittance modula
tion range can be from around 0.16 (in the dark state) to 0.74 (in the 
clear state), with visible light transmittance ranging from 16% to 
90%, respectively [27]. Compared with plain double-pane glazing, 
general thermochromic (coated) windows can save 22% energy [27]. 
Moreover, electrochromic materials have attracted substantial 
attention for smart window applications, due to their modulation 
ability in response to a broad spectral range of solar radiation. 
Similar to thermochromic windows and solar absorption modula
tion, electrochromic glazings switch among bleached, intermediate, 
and fully-colored conditions to form dynamic solar transmission that 
is activated by varying the voltage input. The typical SHGC ranges 
from 0.10 to 0.50, and the visible transmittance ranges from 0.1 to 
0.72, potentially saving building heating and cooling energy by 
13.2–21.5% in different climates, as compared to typical static 
windows [28]. Photochromic materials can change color to the 
desired wavelength and adjust their solar absorption. The materials 
offer high photochromic contrast, are reversible and fast-switching, 
and feature an acceptable range of photochemical stability. The 
variation ranges of SHGC and visible transmittance of photochromic 
windows are about 0.11–0.26 and 25–65%, respectively, while they 
can be designed in different bands [29]. In recent years, some studies 
have focused on gasochromic windows that produce effects similar to 
those of electrochromic windows, but are simpler and less expensive 
because only a single electrochromic layer is sufficient. Their SHGC 
could range from 0.16 to 0.55, and visible transmittance could range 
from 29% to 65% [30]. Switchable adaptive polymer dispersed 
liquid crystal (PDLC) glazing has been developed, and its SHGC 
range is about 0.63 and 0.68 with a visible transmittance range of 
44–79% [31]. Additionally, the SHGC and visible variations in sus
pended particle device (SPD) glazings could be about 0.11–0.39 and 
2–38%, respectively, based on a recent SPD-based vacuum glazing 
design [32]. 

However, current state-of-the-art dynamic glazing technologies have 
to attenuate or enhance both visible and NIR wavelengths to attain 
dynamic SHGC control. In other words, the visible transmittance has to 
be significantly reduced when the SHGC drops. Decoupling the solar 
visible and NIR radiation to enable independent control of daylight and 
solar heat in winter and summer has been deemed as one of the critical 
characteristics for future dynamic glazing [5]. Here, a new concept: 
reversible photothermal windows coated with plasmonic nanofilms that 
can be flipped for the summer and winter seasons is proposed. As shown 
in the schematic in Fig. 1, in summer, a windowpane doped with plas
monic nanoparticles (NPs) decreases the solar IR transmitted to the 
interior by absorbing NIR. The surface-plasmon-mediated photothermal 
effect mostly occurs in the outer layer, and the absorbed solar heat is 
primarily released to the exterior. In winter, the window system is 
reversed to switch the solar NIR-absorbing windowpane such that it 
faces the interior. The NIR-absorbing windowpane absorbs the trans
mitted NIR and increases its temperature. Combined with the unique 
localized heating and insulation ability of the central air layer, the most 
absorbed thermal energy is retained in the inward direction. In other 
words, due to the seasonal placement of the plasmonic nanofilms on 
windows, forming a significantly different inward-flowing fraction of 
absorbed solar heat is hypothesized, which could substantially affect the 
overall solar heat gain, independent of visible transmittance. 

The 360-degree reversibility of window glazing elements is available 

Nomenclature 

Qin Absorbed solar irradiance 
Qout Dissipative heat transfer 
Qsolar gains Absorbed solar-driven inward-flowing heat transfer 
Qu-factor U-factor-driven heat transfer 
Tglass,s Glass surface temperature 
TNPs Coated layer’s surface temperature 
T∞ Ambient air temperature 
To Outdoor temperature 
Rh Interfacial insulation 
hcon Conductive heat transfer coefficient 
Ti Indoor temperature 
Tin,s Inner surface temperature of windows 
Gλ Incident spectral solar irradiance 
Go Incident solar irradiance  
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