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Abstract

Single-pane windows still account for a large percentage of the US building energy consumption. In this paper, we
introduced a new solution incorporating the photothermal effect of metallic nanoparticles (Fe;Os@Cuz—s) into glazing
structures to utilize solar infrared and then enhance the window’s thermal performance in winter. Such spectrally
selective characteristics of the designed photothermal films were obtained from lab measurements and then integrated
into a thermodynamic analytical model. Subsequently, we examined the thermal and optical behaviors of the
photothermal single-pane window and compared its overall energy performance with the conventional low-e coated
single-pane window, in which typical window properties, dimensions, winter boundary conditions, and solar
irradiance were adopted. The numerical analysis results demonstrated that the photothermal window systems could
yield 20.4% energy savings relative to the conventional low-e coated windows. This research paves an underlying
thermodynamic mechanism for understanding such a nanoscale phenomenon at the architectural scale. From the
implementation perspective, the designed photothermal film can be added into the existing single-pane windows for
energy-efficient retrofitting purposes.

Keywords: Building windows, Solar radiation, Photothermal effect, Energy savings, Optical behaviors,
Thermodynamics.

1. Introduction

It was reported that the buildings are responsible for 41% of primary energy consumption in the United States.! The
physical properties of building envelopes may have an impact on building energy consumption. In general, 30 ~40%
of current building windows are single-pane, even in northern areas in the USA, and they are responsible for over 50%
of the total energy loss in the United States.? To improve the performance of building windows, adding low emissivity
(low-e) coating on existing windowpanes is one of the main practical strategies. The low-e coating is a micro-thin
layer of thermally reflective materials that can be applied to the surface of the glass. The low-e coated windows can
not only reduce radiative heat transfer by reflecting solar radiation to the exterior in summer but also lower heating
needs in winter by keeping the heat from radiating to the outside. Consequently, adding low-e coatings or window
films may decrease HVAC energy consumption so that they have been commonly recommended to retrofit existing
building windows.> However, Wang and Shi demonstrated that it had been a great challenge to achieve coincident
high solar-infrared transmittance and low emissivity in longwave radiation.* As such, even the high solar heat gain
coefficient (SHGC) low-e coating (e.g., single silver unit) may reflect about 50% solar near-infrared (NIR) to outdoor,
which may offset the solar heat gain benefits for indoor heating energy savings in winter.
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In this research, we introduced and then analytically examined a new spectrally selective nanostructure, based on
metallic nanoparticles’ photothermal effect discovered in recent years, that can be added on the existing low-e window
systems and utilize the solar NIR for heating energy saving purposes in winter.

2. Photothermal effects and heating experiments under simulated solar light

The photothermal (PT) effect has been investigated for biomedical applications in the past two decades, such as the
studies on sensing, imaging, therapies, and drug deliveries.>® The PT effect includes two stages, the photonic energy
absorption, and photon-induced heat generation. The first stage usually happens in the way of absorption and may
exist in other photonic extinction due to the microstructure of the material, such as multiple scattering. The second
stage is the conversion of absorbed light energy to thermal energy. For metal or some semiconductor nanoparticles,
Localized Surface Plasmon Resonance (LSPR) is believed to be the main reason for their photothermal effect.” As
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Figure 1. Schematic diagram of LSPR.
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Figure 2. Temperature Change diagram.

shown in Figure 1, LSPR is driven by photoexcitation when the incident frequency matches the natural frequency of
the oscillating surface electrons. This excitation causes an inhomogeneity in the electron density of a conductor,
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generating a local electrical field that tends to drive charge equilibration. Electrons accelerating through this field can
pick up enough energy to overshoot equilibrium configuration and effectively switch the local electric field, causing

an oscillation. This oscillation is not perpetual, thus requiring photoexcitation for maintenance. More importantly,
various research efforts have been focused on manipulating the absorptions into the desired regions, which provides
strong potential in solar infrared modulation for building applications. While controlling transmitted solar infrared
thermal radiation, an ideal window should be capable of sufficient transmission of visible light, which is associated
with the window’s optical property of visual transmittance (VT). A higher VT brings more daylight to the interior and
may offset electric lighting, especially for spaces with a great lighting demand. It has been reported that window’s VT
ranges from above 90% to less than 10%, determined by glazing type, number of panes, and glass coatings or films.
Solar NIR-induced photothermal effect may independently modulate the solar heat without (or with slight)
compensation of the visible transmittance. However, before incorporating such photothermal effect into building
windows, it is necessary to perform an in-depth energy-saving analysis to understand its energy impacts and associated
thermal and optical behaviors.

Note that the energy-saving analysis of this study was based on experimental results in our previous report.’
Specifically, Fe;04s@Cu2—xS nanoparticles were synthesized and coated on glass substrates (2.54 x 2.54 cm?).
Samples are made in specific average visible transmittance (AVT): 65%, 70%, 75%, 80% and 85%. The coated
samples were irradiated by 0.1 Wem™ simulated solar light by a Newport 150W solar simulator, as shown in Figure
2. The temperature was monitored by a FLIR E6 infrared camera. In particular, FC-75% achieved a 5.43 °C
temperature increase, which was then utilized in the following analytical analysis.

3. Energy-saving analysis of photothermal single-pane windows

Solar radiation interaction with the earth atmosphere results in four solar components: direct normal irradiance (DNI),
diffuse horizontal irradiance (DHI), global horizontal irradiance (GHI), and reflected ground radiation (Rg).!® For
vertical windows of a building, the average global radiation can be estimated by Liu-Jordan isotropic model.!! Solar
radiation on windows is either transmitted, absorbed, or reflected in varying amounts depending on the wavelength.
Solar heat gains through a window system can be determined from the overall transmittance and the absorptance of
each pane or layer as a function of the angle of incidence. The transmitted solar radiation may directly reduce indoor
heating energy use. In contrast, the absorbed solar radiation may partially flow inward from the panes to indoor, which
may also increase the temperature of indoor, and consequently improve heating energy savings in winter. In brief,
compared with the low-e coated windows, the addition of photothermal coatings may slightly reduce the transmitted
amount of solar radiation but theoretically lead to a significant increase of the inward flowing heat due to the
photothermal effects through absorbing the solar radiation. In this work, we firstly used OPTICS of the WINDOW
program to build the low-e coated single-pane window (as the baseline or called Type 1) and the photothermal window
(Type 2). Then we output the spectral characteristics of the two types of window models developed. Combing the
spectral properties derived and the calculated incident solar radiation, we then calculated the transmitted and absorbed
solar radiation. Subsequently, the PT effect yielded in our previous material experiments was successfully
incorporated into thermodynamic analyses and calculations of the inward flowing thermal radiation. This computation
was completed by using a thermal transfer analytical model built in Matlab. Finally, we compared the net energy based
on the heating loads in terms of transmitted solar gains and inward flowing thermal radiation, of the two types of
windows.

3.1 Incident solar irradiance on vertical window surfaces

The total (“global”) hemispherical radiation on a plane, G or GHI, is defined as Equation (1). It is the combination of
the direct normal radiation multiplied by the cosine of the incidence angle 6 (between the normal to the plane and the
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direction from the base of the normal to the center of the solar disk), DNI cos(0) or B cos(8), plus the diffuse sky
radiation DHI or D.'?

G = Bcos(0) + D (eq. 1)

For a titled plane with titled angle B, diffuse irradiance D is defined as Equation (2) by using Liu-Jordan isotropic
model.!! Meanwhile, the global (total) hemispherical irradiance on the tilted plane should consider the reflected ground
radiation Rg so that G can be obtained by Equation (3).

D =Dy, x 0.5 * (1 + cosP) (eq. 2)
Where, Dy, is diffused horizontal irradiance.

G = Bcos(8) + D + R p) (eq. 3)
Ry =p- G- RuP) (eq. 4)

Where, p is foreground’s albedo, Gy, is global horizontal irradiance, R, is the ground reflected horizontal irradiance
Ry, = 0.5 (1 — cosp), B is a tilted angle.

We selected solar spectra data collected by using ASTM G173-03 Reference Spectra Derived from SMARTS v.
2.9.2,% and considered a vertical window facade facing south in State College, Pennsylvania at noon on December
21%, 2019, the incident angle for solar 0 is 26°, the titled angle for vertical windows [ is 90°. We obtained the incident
global solar irradiance G = 636 W/m? on the vertical window surface, and the solar irradiation curve on the vertical
plane is shown in Figure 3. Please note that this simplified method of calculating incident solar irradiance on the
vertical surface may overlook the effect of ground reflection and the complexity of sky conditions. However, this
would not significantly affect our next comparisons between the two types of windows as long as the same solar
irradiance data for those two windows were utilized.
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Figure 3. Solar Irradiation Curve.
3.2 Window modeling and spectral properties

We designed two types of single-pane glazing in OPTICS software, which was developed by the Lawrence Berkeley
National Laboratory (LBNL). Type 1 was low-e coating single-pane glazing, which was made up of clear glass (NFRC
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1D 8203) and low-e coating (NFRC ID 1511). Type 2 was the photothermal low-e single-pane glazing, which consisted
of Type 1 plus a photothermal film. The photothermal film was the above-mentioned FC-75% Fe304@Cu2—xS film,
and its spectral data measured in the lab was loaded manually in OPTICS. An import data can be customized by
several key parameters, including transmittance, reflection front, reflection back, thickness, conductivity, and
emissivity. The photothermal film layer was placed on the external surface of the low-e coated glass. Figure 4
illustrates the structures of Type 1 and Type 2, and Figure 5 displays their spectral properties (spectral transmission
curve and absorptive curve).

As shown in Figure 5, Type 2 window had a 45.1% higher absorption (o), and it absorbed more solar radiation, mainly
focusing on the solar NIR band. As a tradeoff, it has a 6.6% lower visible transmittance (t), which allowed slightly
less solar radiation to be transmitted through the window. Furthermore, the window properties, including solar heat
SHGC, VT, U-factor, and solar transmittance (Ts) were obtained using OPTICS and WINDOW, as shown in Table
1. The results indicate a similar property performance, and the comparison for each parameter needs to be done before
we can move on to the capability of temperature increasing. Type 1 and Type 2 have the same U-factor that is related
to the thermal resistance of each layer of the window structure, which can be explained by the fact that the thin layer
coating added did not have much influence on the thermal resistance. Type 2 has a slightly lower visible transmittance
than the value of Type 1, which also influences SHGC. By simply calculation of the transmitted solar gains using the
above solar transmittance calculated from the WINDOW OPTICS, we found that Type 1 window transmitted 335.95
W m?, while Type 2 window transmitted 323.01 W m. In other words, the addition of the PT coating reduced 12.94
W m solar gains to the interior.

Type 1 Low-e Photo- Type 2 Low-e
coating thermal coating
coating

Glass VS Glass
.

Figure 4. Window System Diagram in Optics software.
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Figure 5. a) Absorption curves for both types in Optics. b) Transmission curves for both types in Optics.
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In summary, the differences in the visible and full spectral transmittances of solar radiation in both types of windows
were very minimal, which were about 2.1% and 3.6%, respectively. The significant difference is in the solar NIR band
that was absorbed by Type 2 but reflected by Type 1.

Table 1. Window optical Properties.

U factor, W m2 K! SHGC Tvis Ts
LowE-+glass, type 1 3.496 0.537 0.799 0.504
LowE+glass+PT, type 2 3.496 0.533 0.782 0.486

3.3 Analytical studies for thermal behaviors

Without solar radiation involvements, the thermodynamic analysis is quite straight forward, which can be completed
based on the given indoor and outdoor boundary conditions and glazing properties. However, in this study, due to the
existence of solar irradiance, non-negligible absorbed solar energy, and incorporation of the photothermal effect, more
comprehensive thermodynamic analytical models were needed.

First, the transmitted solar radiation, Q¢qys, could be simply calculated by Equations (3) and (5) with the given glazing
area. Similarly, the solar radiation absorbed Qs by the glazing system could be obtained by Equations (3) and (6),
which might increase the glazing system’s temperature, especially for the photothermal windows (Type 2).'4

Qtrans = Gp * T (eq. d)
Gaps = Gp * @ (eq. 6)
The thermal energy-driven temperature change could be expressed as Equation (7) based on the specific heat capacity
formulas: 3
t+1
Quar=J, c*xm=AT=dt (eq.7)

Where heat capacity c is in a unit of J gm™ K'!, m is the material mass in gm, AT is the temperature change for the
material in a time-period ¢, indicated as (T+/-T).

Second, under-designed internal and external boundary conditions, all three (conductive, convective, and radiative)
types of heat transfer were calculated. In this case, with negligible forced convection, the convection and conduction
were referred to buoyancy force called free convection flows.'® The governing equations involved in Nusselt number,
Prandtl number, Grashof number, and Reynolds number that were related to the thermal conductivity of air to the
temperature changes. The convection and conduction occurred among the surrounding air; the assumption was that
the window materials are isothermal. The conductivity of air is related to the temperature shown in the following
equations.

For external free convection flows (vertical plate) could be obtained in Equations (8), (9), and (10): 7

0.670 * Ra,’* (eq. 8)

— 9
Nuw, = 0.68+ 57 prysrieqars Rou < 10

Ra, is the Rayleigh number calculated in Equation (9), Nu is the Nusselt number, '

g*Bx (Ty —T) x P (eq.9)
vra
In the function above, g is the gravity on earth, L is the height of the window surface, B is expansion coefficient =1/Tf,

RaL = GRL*PI‘=

Tf is the absolute temperature = (Tx + T,)/2, Ts is the glass surface temperature including both surfaces
Tins and Tyt s, Too is the ambient temperature including both inner and outer T, o and Ty e. ¥ is the kinematic
viscosity =p/p, a is thermal diffusivity=k/(p*Cp),'® where p, k, Cp, p, and Pr are dynamic viscosity, thermal
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conductivity, specific heat, density, and Prandtl number factors related to the surface air temperature(100 K to 3000
K).!? Free convection from the panel to the surroundings is given by Newton’s Law of cooling as well as conduction
and radiation are shown in Equation (10), (11) and (12), respectively.'®

Qeony = hAs(T; = T) (eq. 10)

Where h=Nu, * k/L’, A is the area of the glass surface. L'=A/P.

The net rate of radiation heat transfer between the glass and the surroundings is,
Qraq = €0A4(T; — Ty) (eq. 11)

€ is the emissivity, o is Stefan-Boltzmann constant 5.67E-08 W m™ K1,
Qeona = kA;(Ty = T) /L’ (eq. 12)

L' is the thickness of the glass. But use the same assumption as conduction

Third, based on equations (6), (7), (10), (11), and (12), the thermal balance model can be written as in two equations
(13) and (14):

Qabs = Qconv + Qcond + Qrad + Qmal *t (eq' 13)

Qaps = Gabs * As (eg. 14)

In the comparison of Type 1 and Type 2, they all placed under the same solar irradiation conditions, which were based
on the reference solar spectra. The outdoor temperature was 0 °C, and the indoor temperature remained 25 °C. The
dimension of this glazing system was 1.2m by 1.5m. Besides, the surrounding relative humidity was set as a constant
50% RH. Also, in this comparison, we ignored other effects by window frames, glazing edges, condensation risks,
etc.

By using the above governing functions, we then derived the window surface temperatures and the inward flowing
thermal radiation values. As shown in Table 2, the total solar absorption Qaps are 183.83 W m? and 139.38 W m™ for
Type 1 and Type 2, respectively. Type 2 gained 44.45 W m™ more than Type 1 on absorption. Affected by the PT
effect, that difference resulted in a 23.84 K temperature increase for the inner window surface temperature of Type 2,
compared with that temperature of Type 1, as shown in Table 2. The temperature difference between the window’s
inner surface temperature and interior ambient temperature formed thermal transfer that could be calculated using
Equations (10), (11), and (12). As shown in the results Table 2, the heat transfer to the indoor area through convection,
conduction, and radiation were -10.19 and 69.18 W m™ for Type 1 and Type 2, respectively. The negative sign of heat
transfer represents a heat loss from the indoor area to outside. It also indicated that the PT effect significantly increased
the inner surface temperature and even became a thermal radiation source for the interior.

Table 2. Window thermal properties.

In winter Qabs, Qtrans, Material T, Tins /Tourss K Heat transfer to
W m2 W m> K indoor, W m-2
Type 1 139.38 335.95 294.08 294.29 293.86 -10.19
Type 2 183.83 323.01 317.92 318.14 317.71 69.18

3.4 Heating energy saving analysis

Combining the results from the above sections 3.2 and 3.3, we were able to calculate the net energy based on the solar
heat gains and the building heat loss through windows: 325.76 W m™ for Type 1, and 392.19 W m? for Type 2. The
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net energy amounts are shown in Table 2: 325.76 W m? and 392.19 W m? for Type 1 and Type 2, respectively. In
short, this represents that the photothermal window (Type 2) could achieve 20.4% energy savings than the baseline
window (Type 1) in winter and with solar radiation situations.

4. Conclusion

In this paper, we proposed a solution of using a photothermal thin film to enhance the thermal performance of low-e
coated single-pane windows. Then, we focused on the development of a comprehensive thermodynamic analytical
model into which we incorporated the photothermal effect. Through this analytical model and computation, we
concluded that compared with the low-e coated windows, 20.4% energy-savings could be yielded by the photothermal
windows in winter. Notably, this energy-saving was not achieved by increasing the thermal insulation but rather by
the spectrally selective design of glazing materials and utilization of solar NIR. Our future works include three
trajectories. First, further work of this model is looking to bring more flexible inputs such as the variability of ambient
temperature into the models. Also, the wind speed was negligible in the model to avoid forced convection calculations
in this study. Second, we plan to apply hourly weather data, including the solar NIR value, and then predict annual
energy savings. We will incorporate our previous study of solar NIR modeling into this annual energy analysis.?’ Last,
in addition to the energy savings due to the PT effect, the PT effect may also reduce the risks of window condensation
by increasing the temperature of the window’s inner surface. The condensation occurred on building windows,
especially low-e coated single-pane windows, which may lead to significant thermal loss from indoor to outdoor. 2!
Therefore, the combined energy savings on window condensation improvements and enhanced solar heat gains need
to be investigated with more thorough and dynamic energy analysis methods.
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