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Aerogel-based glazing systems are an effective solution to reduce space heating energy use in buildings, even if
overheating risks in temperate climates exist due to the high solar transparency of the systems. This study an-
alyzes the potential of an innovative solution, based on a mixture of granular aerogel and hollow silica powder,
in small concentrations, to increase the reflectance of the aerogel layer and reduce solar transmission. A set of
glazing samples, different in aerogel layer and powder concentration, were produced and test in laboratory to
determine the relevant solar and thermal properties. It was found that at 7.5 % powder concentration the solar
and light transmittance were reduced up 0.48 and 0.45 in a 0-1 scale, respectively. Analogously, the solar and
light reflectance increased up 0.49 and 0.46, respectively. The thermal resistance of the system increased up to
0.18 m?K/W, peaking at 1.88 m?K/W for the 34 mm aerogel layer sample. The thermo-physical properties were
used as input to simulate an office building in different climatic conditions; it was found that the proposed
technology ensured total energy savings for 4 % powder concentration and higher; cooling energy savings were

up to 21 % and total energy savings up to 21 %.

1. Introduction

Energy savings in buildings is an important tool to face global
warming, by reducing the GHG emissions in the atmosphere, given the
important role that the building sector plays in the world’s final energy
consumption, accounting for about 36 %. The building sector is also
responsible for about 55 % of the global electricity use [1].

In this context, the characteristics of the building are crucial to
reduce energy use, especially when considering the transparent com-
ponents: allowing natural lighting, they contribute to the reduction of
energy for artificial lighting, but they also significantly contribute to
increase heating and cooling loads. A correct balance between these
opposite trends is necessary in the building design.

Innovative transparent solutions such as aerogel glazing systems
could be able to enhance the energy performance of buildings, thanks to
their high light transmission and low thermal conductivity [2].
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Several studies in the Literature demonstrated the effectiveness of
the use of aerogel glazing systems in cold climates, where a significant
reduction of the energy use for heating can be achieved both with
granular and monolithic forms as fillings in the gap of double glazing
units. A reduction in the 10-40 % range can be obtained, depending on
the aerogel layer thickness, the climate conditions, the window to wall
ratio, the building geometry and characteristics, the boundary condi-
tions, the granular or monolithic form of aerogels, and the simulation
tool used [2-9]. In cooling dominated climate, aerogels show in general
a worse behavior, especially in hot and temperate climates, where the
annual reduction is lower than 20 % [4,5,10]. In some case studies, also
in heating dominated climates such as in the UK, the cooling energy
consumption of a guesthouse is one order of magnitude higher than the
heating demand (about 35-37 % of the total energy consumption of the
building for cooling versus 3-4 % for heating) [11]. In some case studies,
the introduction of the aerogel in the gap lead to an increase of the
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Fig. 1. Description of the assembled samples.

cooling loads [6]. It depends on the absence of robust methods to
calculate the solar heat gain, on the high g-value in general estimated
and used as input in the simulations [12], based on approximate
methodologies, and on the overheating risk associated to un-shaded
glazing systems, which play a crucial role in the calculations [2].

The reduction of solar heat gains is crucial to reduce cooling energy
use and several solutions were proposed in the Literature. The most
recent studies focused on the impact of fenestration and shading devices
[13], advanced smart fenestration [14,15], and glass configurations
[16]. In [13] the influence of fenestration and shading device (F&SD)
installations on the energy performance of an office unit in a building in
Shanghai was studied using brute-force parametric analysis and Monte
Carlo sensitivity analysis. The investigated parameters included
window-facing orientation, window-to-wall ratio, shading device types,
number of shadings, shading device depths, and shading tilt angles. The
results show that in summer and in winter, the highest solar heat gain
(SHG) is observed when the window is West- and South-oriented,
respectively. As expected, the SHG decreased with more shading de-
vices and less window area; it can be reduced up to 93.8 % by applying
F&SD, with mean values in the 40-60 %. Innovative solutions such as
adaptive fenestration systems are studied in [14], where thermotropic
(TT) materials and parallel slats transparent insulation materials (PS-
TIM) integrated into the air cavity of double-glazing windows were
combined to develop a new glazing unit. The proposed solution can offer
a substantial reduction (up to 0.5) in solar transmittance transitioning
from clear to translucent state, accompanied by a significant reduction
in the solar factor. Based on the weather conditions of London, the TT
PS-TIM system exhibits a 30 % reduction in heat gain during summer
and a 20 % reduction in heat loss in winter, when compared to a con-
ventional Double Glazing (DG) system. Smart solutions were also
considered in [15], such as vacuum glass with suspended particle device
and polymer dispersed liquid crystal, both able to switch between clear
and translucent states. In these cases, the reference standard Double low-
E coated glass proved to have the least heat gain among all the glass
samples, whereas among the innovative glass options, the polymer
dispersed liquid crystal glass exhibited lower heat gain compared to
vacuum glass with suspended particles. Finally, in [16] different kinds of
glass (laminated, heat-strengthened, tempered, and annealed) are
considered in different combinations (double and triple glazing units).
Results showed that the combination with the lower solar heat gain
value are the double units with low-e glasses.

Low thermal transmittance and high solar gains of aerogels are
indeed critical issues, which may affect the building cooling and total

energy use with respect to conventional glazing systems in temperate
and hot climates. Improving the solar control of aerogel based glazing
units was little explored; a potential solution is represented by adding
hollow silica powder to granular aerogel, as documented in preliminary
studies of the Authors [17,18], and in a paper about the sound absorp-
tion of the aerogel powders [19]. However, the acoustic aspect was not
addressed in this research and will represent a future development of the
study.

In particular, the Authors recently developed a preliminary study
with the objective of increasing the reflectance and reducing the trans-
mittance of the transparent components. The study is focused on the
thermal and optical properties of polycarbonate panels with granular
aerogel and two different diameters of silica powder (0.3 mm and 0.05
mm), considering different thicknesses and percentages. Given the
diffusive nature of the material and the scattering, the optical perfor-
mance was investigated with a large sphere spectrophotometer, and the
thermal performance with a guarded hot-plate facility. Thermal per-
formance improves with powder content and thickness of the panel
(thermal transmittance U-values in the 3.25-0.61 W/m?K range for a
single polycarbonate layer with powder and 27-mm package with
granular aerogel and powder). At the same time, a reduction of optical
transmission is found when increasing powder content and thickness
(light transmittance in the 0.5-0.09 range). A reduction of the solar
transmittance up to 80 % with respect to the same sample without the
powder is also obtained for the thicker panel with 7 % vol. of powder
[17]. In a previous study [18], the same Authors investigated the
behavior of a double glazing system with a 24-mm layer of silica aerogel
and a few weight percentages of hollow powder. The investigated
sample showed a U-value of 0.7 W/m?K and a visible and solar trans-
mittance of 0.35 and 0.28, respectively. A simulation model of an office
sited in Tokyo (Japan) showed that the addition of the powder in the
granular aerogel produces a reduction of the cooling energy demand in
the 14-24 % range, depending on the wall facing, with a low cost of the
powder addition, resulting in a short Pay — Back period (2-7 years) [14].

Starting from the above described background, the present study
aims to systematically investigate the impact of silica powder on the
thermal and optical properties of granular aerogel double glazing unit
doped with silica power by experimental analysis; next, the impact on
the total energy performance of a reference building under different
climate conditions is assessed through simulations in dynamic regime.
The ultimate objective is to demonstrate whether the use of silica
powder can improve the performance of conventional aerogel glazing by
reducing the solar gains in buildings with high cooling demand,
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Fig. 2. The investigated samples: glazing systems with 1% silica powder at different thicknesses.

Table 1

Samples characteristics.
Sample ID Gap Total thickness [mm] Powder Sample ID Gap Total thickness [mm] Powder

[mm] [%] [mm] [%]

2-1 7 13 0.0 4-1 25 31 0.0
2-2 7 1.0 4-2 25 1.0
2-3 7 2.0 4-3 25 2.0
2-4 7 4.0 4-4 25 4.0
2-5 7 7.5 4-5 25 7.5
3-1 16 22 0.0 5-1 34 40 0.0
3-2 16 1.0 5-2 34 1.0
3-3 16 2.0 5-3 34 2.0
3-4 16 4.0 5-4 34 4.0
3-5 16 7.5 5-5 34 7.5

Fig. 3. Small Hot Box apparatus: sample holder compartment (a); sample (b); hot chamber (c); radiative panel (d); thermoreristances and thermal flux meter

probes (e).

Table 2

Weather locations selected.

Country  City Location Latitude  Longitude  Koppen-Geiger
Classification

Finland Helsinki  Airport 60.32 24.97 Dfb

France Paris Montsouris ~ 48.82 2.33 Cfb

Italy Palermo  B.DiFalco  38.12 13.32 Csa

covering the current research gap. In addition, by calculating heating,
cooling, and artificial lighting energy consumption, it is possible to
provide initial data about the trade-off between cooling load reduction

and electric lighting increase, thanks to the change of aerogel visible and
solar transmittance when the silica powder is introduced in the mixture.

2. Experimental campaigns

To preserve the insulating properties of aerogel while improving the
solar control of the glazing systems based on this material, the study
focuses on the development of a mixture of granular aerogel and silica
powder to be used in the gap of double (or multiple) glazing units. The
study combines experimental and numerical analyses in an attempt of a
complete assessment, from the component characterization to the
building integration potential.
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Fig. 4. Schematic plan view of the building with indication of the room typologies (left); General view of the building (right).

Table 3
Main characteristic of the opaque and transparent envelope components.

Opaque envelope component Thickness [m]

Thermal transmittance —
U-value [W/m?K]

Roof 0.253
Internal floor 0.283
Internal partition 0.075
External wall 0.330
Ground exposed floor 0.230

Transparent envelope component ~ Frame thermal resistance Reame [m2K/W]

Frame factor [-]

0.19
1.09
1.79
0.30
0.33

Solar factor 1,

Thermal transmittance U-value [W/m?K]
g-value [-] [-]

External glazing (middle band) 0.5

0.85 0.29 0.75  1.07

The methodological framework is following described:

i. definition of base products and of the glazing system
configurations;
ii. sample set preparation;
iii. optical and thermal characterization of the sample set;
iv. numerical assessment of the total energy use (heating, cooling,
and lighting) of a reference building equipped with the selected
aerogel glazing units.

Since the numerical and experimental findings, the performance of
enhanced solar-control aerogel glazing systems are presented and dis-
cussed, compared to previous studies on conventional aerogel solutions.

2.1. Sample preparation

The double glazing units (DGU) were assembled by Takenaka Cor-
poration, as detailed in Fig. 1. Each sample is 30 x 30 cm? and it is made
with two 3-mm thick float glasses (sample ID 1), assembled in different
gap thicknesses (7 mm, 16 mm, 25 mm, and 34 mm), as shown in Fig. 2.
The gap is filled with a mixture of granular aerogel and hollow silica
powder, the latter in different weight percentages (0.0, 1.0, 2.0, 4.0,
7.5).

The cavity is filled up vertically by means of a filling port in a very
accurate way to avoid the drop of the filling and the breaking of the
granules; then the aerogel double glazing unit is sealed with tape.
Table 1 shows the samples identification code and the main character-
istics of the tested configurations.

2.2. Optical characterization

Conventional spectrophotometers are not suitable for measuring the
optical properties of granular aerogel systems, due to their geometric
complexity and scattering behaviour of aerogel [2]. An in-house appa-
ratus was then used for the purpose, whose general set-up, even if
updated through the years, can be found in [20]. It is an experimental
spectrophotometer equipped with a 75 cm diameter integrating sphere,
which allows measurements on complex samples at normal and off-
normal incidence. The integrating sphere structure is made of
aluminium shell, which on the internal side has a layer of Spectralon
characterized by high reflectivity and diffusing behaviour across the
whole solar spectrum. The sphere has several ports used to place the
light source, the sample, and the correction with the auxiliary lamp
method, needed for a single beam spectrophotometer. The sample port is
20 cm in diameter, suitable for the complex samples under examination.

Measurements are carried out using two light sources. The 300 W
Xenon arc lamp covers about the 300-1000 nm range, which includes
part of UV, all the visible spectrum, and a portion of the near-infrared.
The power tunable 1000 W tungsten halogen lamp covers the
500-2300 nm range, which covers part of the visible and almost all the
near-infrared spectrum; according to standards [21], the solar range
extends from 300 to 2500 nm, but after 2300 only a residual part of the
spectrum power falls in. The two sources are of the “white” light type;
they are collimated, but the size of the incident light beam can be
changed using lenses and diaphragms mounted in series to the lamps.
The detection system is made of a diode array, equipped with three

sensors: the NMOS (N-type Metal Oxide Semiconductor, 250-1000 nm)
covers the visible range, the InGaAs (Indium Gallium Arsenide,
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Table 4
Heating and cooling capacity for the selected climates.

Climate Heating capacity [kW] Cooling capacity [kW]
Helsinki 46 48
Paris 18 48
Palermo 2 67

900-2100) covers most of the near-infrared region, and the ExtInGaAs
covers the remaining wavelengths until 2300 nm.

The incident beam diameter was set to 60 mm for this experimental
study, so as to have an irradiated area of about 30 cm? (conventional
spectrophotometer beams are about 1 ¢m?), suitable for this experi-
mental campaign. Reflectance measurements were carried out at normal
incidence; transmittance measurements were carried out at normal

incidence for all the samples; for selected ones measurements were
performed also at off-normal incidence, specifically at 0°, 30°, 45°, 60°
incidence angles.

The raw spectral data are post-processed by cubic interpolation, so as
to have 1-nm spectral resolution in the final measurement dataset.

The relative reflectance measurements were carried out against a
white Spectralon calibrated reference, whereas the absolute trans-
mittance measurements were against the void (empty sample port). The
measurement uncertainty is £0.02 in the 0-1 range of the measured
quantity. For this experiment, measurements were performed between
350 nm and 2300 nm, covering 98 % of the solar spectrum power.

To investigate the scattering behaviour of the samples and to provide
a characterization using a standard instrument, measurements were also
carried out with a commercial spectrophotometer. Normal incidence —
hemispherical transmittance and near-normal - hemispherical
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Table 5
Broad-band optical parameters calculated for all the glazing unit configurations.
Sample Ty Te pv Pe Sample Ty Te Pv Pe
[-1 [-1 [-1 [-1 [-1 [-] [-1 [-1
2-1 0.79 0.73 0.19 0.18 4-1 0.65 0.59 0.30 0.26
2-2 0.73 0.67 0.26 0.24 4-2 0.49 0.44 0.49 0.44
2-3 0.67 0.61 0.33 0.30 4-3 0.40 0.35 0.58 0.53
2-4 0.57 0.52 0.43 0.40 4-4 0.28 0.25 0.70 0.65
2-5 0.41 0.37 0.56 0.53 4-5 0.19 0.16 0.79 0.72
3-1 0.73 0.67 0.25 0.22 5-1 0.58 0.53 0.35 0.30
3-2 0.58 0.53 0.41 0.37 5-2 0.41 0.37 0.54 0.49
3-3 0.50 0.45 0.49 0.45 5-3 0.32 0.28 0.65 0.59
3-4 0.38 0.34 0.62 0.57 5-4 0.23 0.19 0.75 0.69
3-5 0.25 0.22 0.73 0.67 5-5 0.14 0.12 0.83 0.76
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Fig. 7. Normal spectral transmittance of the aerogel samples without silica powder added.

reflectance measurements were carried out with a Perkin Elmer Lambda
950, a double beam spectrophotometer equipped with a 15 cm Spec-
tralon coated integrating sphere. The measurements were performed on
three different spots on the sample, to assess the uniformity of the aer-
ogel glazing’s optical properties. Spectral resolution was set to 5 nm and
the slit width was 2 nm in UV-visible range and in auto-servo mode in
the near-infrared region (this operation mode automatically sets the slit
width of the instrument as a function of the radiant power in the mea-
surement wavelength). Measurements were performed in the 300-2500
nm range, corresponding to the solar spectrum as defined in the stan-
dard EN 410:2011 [21].
The light and direct solar reflectance and transmittance were
calculated from the spectral measurements resulting from both the in
house made and the conventional spectrophotometers, using a weighted

average across the solar spectrum, following the procedure in the EN
410 Standard [21].

2.3. Thermal characterization

The thermal resistance of the selected samples was measured by
using the Small Hot Box experimental apparatus (Fig. 3) [22]. It consists
of a hot chamber with external dimensions of 0.94x0.94x0.50 m (inside
volume of 0.073 m®), built with insulating materials, to minimize the
heat flow through the walls. The chamber is equipped with a heating
cable (maximum output power 50 W); it allows to perform tests with a
minimum temperature difference of 20 °C, in compliance with the EN
ISO 8990:1996 standard [23]. A sheet of plywood (radiative panel) is
placed between the heating cable and the actual chamber, to avoid the
radiation heat exchanges with the cable. A layered structure (2 wooden
panels with an intermediate layer of expanded polyurethane) represents
the closing side of the instrument: in the central part, there is an opening
for positioning the square sample (30x30 cm?). The cold side of the
system is the laboratory environment, completely isolated from the
outside and kept at a constant temperature by HVAC system of the

building. Tests were carried out in steady-state conditions with the
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Fig. 9. Visible (left) and solar (right) angular transmittance of samples 3, 4, and
5 (top down) for three powder concentration (0%, 4%, 7.5%).

thermal flux meter method, by measuring the heat flux ® through the
sample and the mean values of the specimen surface temperatures ATgy,
on the cold and hot sides. Data were measured at an average tempera-
ture of the sample in the 33-37 °C range, due to the operation conditions
allowed by the test facility. To compare the performance of the inves-
tigated samples to those of conventional glazing units, the experimental
data were scaled to the standard temperature of 10 °C, according to ISO
10456 standard [24].

For each aerogel sample, the experimental and post-processing
procedure was as follows:

- measurement of the thermal resistance of assembled aerogel double
glazing units, as shown in (1):

Rtot ==

> @

where AT is the difference of the mean surface temperatures of the hot
and cold sides during the tests and @ is the thermal flux measured by the
thermal flux meter;

- subtraction of the contribution of the 2 glasses (t; = 3-mm is the
thickness of each glass pane) to the DGU thermal resistance,
assuming 1 W/mK thermal conductivity for standard silica glass
sheets Ag, thus obtaining the thermal conductivity of the gap layer 2,
(granular aerogel/granular aerogel + hollow silica, with t, the
thickness of the gap), as (2);

ta

L
72.@

A =
* R

(2)
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Fig. 10. Angular spectral transmittance of the 16 mm gap aerogel samples with 0 and 7.5 % silica powder concentration.

Table 6
Thermal measurements results.
sample Raig° ¢ [M?K/W] Uaror ¢ [W/m?K] sample Ry ¢ [M?K/W] Uayoe ¢ [W/m?K] sample Raio: ¢ [M?K/W1 Uayoe ¢ [W/m?K]
3-1 0.79 1.04 4-1 1.22 0.72 5-1 1.70 0.53
3-3 0.80 1.03 4-3 1.22 0.72 5-3 1.73 0.53
3-4 0.85 0.97 4-4 1.30 0.68 5-4 1.77 0.52
3-5 0.92 0.92 4-5 1.39 0.64 5-5 1.88 0.49

- ha was reported at a standard temperature of 10 °C Ay@10°c following
the standard [24] and assuming a temperature conversion coefficient
equal to 0.0052, obtained the measurements on the same aerogel
granules in a previous work [25];

- thermal transmittance U of each sample was calculated as (3):

1

v=—n-—————
Rsu,p,i + Rtot + Rsup.o

3

considering the inside surface thermal resistance Ry ; and the outside
surface thermal resistance Rgypo equal to 0.04 and 0.13 mZK/W
respectively, in compliance with EN 6946 standard [26].

Finally, the relative uncertainties (type B) of the tests u (R) were
calculated according to JCGM 100:2008 [27].

3. Numerical analysis

To assess the performance of the analyzed technologies, dynamic
energy simulations are conducted using Integrated Environmental So-
lutions Virtual Environment (IESVE) [28]. This software enables the
evaluation and optimization of both energy and lighting performance,
leveraging its native integration of the LBNL Radiance tool.

Among the possible alternatives, the samples with gap thicknesses of
16 and 25 mm are selected, as representative of the most commonly used
type of double glazing systems in the construction industry. The selec-
tion includes samples with 0 %, 2 %, 4 %, and 7.5 % of powder in the
aerogel mixture. This choice is made to observe a gradual variation in
performance and to adequately demonstrate the potential of the pro-
posed technology. Starting from the measured visual, solar, and thermal
characteristics of the samples, the solar factor was calculated according
to EN 410 [21]. The aerogel glazing units are considered as diffusing in
transmission and reflection modes, thus the trans type of material was
selected for lighting analyses with Radiance [29].

Climate-Based Daylight Modelling (CBDM) methods were used to
create daylight coefficients for sensor or grid points; the same co-
efficients were then used to calculate illuminance at each time step [30].
Sensors were placed at a work-plane height of 0.78 m in the middle of
each space. Daylighting analysis was then used to optimize the dimming
profiles of the artificial lighting systems.

The building selected as a case study is a 10-story office building,
whose typical floor has a conditioned heated area of 443.3 m? and an
internal height of 3.3 m. It is ideally located in three significantly
different climates, listed in Table 2, representing Northern, Central, and
Southern Europe. All climatic data in *.EPW format is obtained using

METEONORM Version 8.0.3.15910 [31].
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Fig. 11. Thermal transmittance values vs. percentage of silica powder in the gap.

The typical intermediate floor (Fig. 4) selected for the study consists
of a central staircase surrounded by a corridor connecting 14 individual
offices and a lavatory; the building’s facades are fully glazed, divided
into three horizontal bands of 1.1 m high each. The upper and lower
bands are equipped with aerogel glazing systems, the middle band is
equipped with a conventional selective low-emittance double glazing
unit. The performance of the building’s envelope components is re-
ported in Table 3.

Based on ISO 18523-1:2016 [32], Figs. 5 and 6 show the values of
internal gains and ventilation rates set in the model during weekdays.
During the weekend, no internal gains are considered, except those
related to the equipment, which has a reduced hourly constant power
equal to 3 W/m?. The infiltration rate is set at 0.1 ACH (Fig. 5). Dimmer
switches are set-on to modulate the lighting system in the office areas;
the system activates when there is an illuminance level below 300 Ix, as
measured by a sensor placed in the centre of the room during the
building’s normal operating hours (from 8 a.m. to 9p.m.).

The air-conditioning system consists of a reversible heat pump with
fan coils serving only the office zones. The model systems were sized
using the starting envelope configuration and based on the peak hourly
net energy demand increased by 20 percent (Table 4); temperatures of
20 °C and 26 °C are adopted as winter and summer setpoints, respec-
tively, with a control on indoor relative humidity with an upper limit of
55 %.

4. Results
4.1. Optical properties

Table 5 presents the broad-band values of the transmittance (1) at
normal incidence and the reflectance (p) at near-normal incidence,
referring to the solar (subscript e) and visible range (subscript v). The
float glass was measured as well and literature values were confirmed
(0.91 and 0.87 for the visible and solar transmittance, respectively, and
0.08 for the reflectance in both ranges). The light and solar normal
transmittance is always above 0.50 for the aerogel samples with no
powder inside, conversely, the reflectance is always below 0.3, except
for the thickest samples, for which 0.35 is measured. The transmittance
spectra of the base-case systems are reported in Fig. 7, whereas Fig. 8
shows the plot of the spectral transmittance for the 16 mm gap sample
for the different powder concentrations in, which reports.

The thin sample 2-1 (7 mm gap) has high transparency and even
with the highest powder concentration (2-5 case) the solar and visible
transmittance are still moderately high (around 40 %). However, to
ensure higher thermal performance complying with regulatory re-
quirements, glazing systems with such low air gap thickness are in
general not used.

A different behaviour can be observed for the samples with higher
thickness; the transmittance drops to about 0.50 already with 2 %
powder concentration for the 16 mm gap system (3-3 case); the solar
transmittance reaches 0.22 with the highest powder concentration,
exhibiting high potential for solar control (3-5 case). Similar values are
achieved with a 4 % concentration for the 4.4 sample (25 mm thickness):
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Fig. 12. Annual Primary Energy Use for Cooling, Heating, and Lighting. The results are arranged per window component typology and location.

increasing the silica powder brings the light transmittance below 0.20,
in line with old tinted glasses characterized by poor daylighting. The
thickest unit (34 mm) almost halves the solar transmittance with 2 %
powder, scoring 0.28 (5-3 case); further increasing the amount of
powder would lead to too low visible transmittance values, ranging from
0.23 (5-4 case) to 0.14 (5-5 case).

The change in transmittance is balanced by the increase in reflec-
tance; taking as example the solar reflectance values, it can be observed
that it triplicates for samples 2, 3, and 4, and it increases by 2.5 factor for
sample 5. A similar trend with the smaller absolute difference is found
for the light reflectance.

The angular decay of solar and light transmittance of samples 3, 4,
and 5 is reported in Fig. 9. The angular decay in transmission mode is
very similar for samples 3 and 4 without powder with respect to the
normal incidence condition: the loss in transmittance at 45 °C is 0.1 in
both cases, and it rises to 0.22-0.23 at 60°; thus, no specific trend is
identified as a function of the gap thickness. Conversely, increasing the
powder concentration, it is observed that the transmittance drop de-
pends also on the sample thickness: the transmittance drops by 0.06,
0.05, and 0.04 with concentration 4 % for samples 3, 4, and 5, respec-
tively, at 45° for the same concentration, at 60° the transmittance
reduction is 0.13 for sample 3 and 0.11 for sample 4 and 5. The trends
are confirmed for the concentration of 7.5 % at 45°, as well as for the
measurements at 60°. The results also highlight similar relative varia-
tions at 45° and 60° for all the configurations, except for the thickest
sample with the highest concentration, whose variation at 45° is only 7
%, whereas in all the other cases it is 14-17 %. At 60°, the relative
variations are all in the 32-38 % range, with respect to the normal
incidence condition.

As an exemplary case, Fig. 10 shows the spectral transmittance at 0°,
30°, and 60° incidence angle of the 16 mm gap double glazing unit with
aerogel only and with aerogel mixed with the maximum powder con-
centration. The transmittance reduction caused by the silica powder
moderates the angular dependency; in fact, sample 3-1 solar trans-
mittance drops by 0.22 from normal to 60 °C incidence, whereas the
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reduction is only 0.06 for sample 3-5. The same response is observed for
the thicker samples with small deviations (0.19/0.20 and 0.04/0.05 for
0 % and 7.5 %, respectively).

4.2. Thermal properties

In continuity with the sample selection for optical properties, the
thermal characterization focused on selected samples: namely samples 3
(16-mm gap thick), 4 (25-mm gap thick), and 5 (34-mm gap thick) with
0 %, 2 %, 4 %, and 7.5 % silica concentration were selected as more
representative solutions. Table 6 reports the thermal resistance R and
the thermal transmittance U. For each sample, 4 tests were conducted in
steady-state conditions (surface temperatures and heat flux through the
samples), setting the temperature (Ties) in the hot chamber at 45 °C and
50 °C. The relative uncertainties (type B), calculated according to [27],
vary in the 2-5 % range for all the tests and they are within the mea-
surement error of the device. U-values at 10 °C vary in the 1.04-0.92 W/
m?K (R = 0.79-0.92 m*K/W), 0072-0.64 W/m’K (R = 1.22-1.39 m*K/
W), 0.53-0.49 W/m?K (R = 1.70-1.88 mZK/W) ranges for the gap-
thickness of the glazing systems of 16 mm, 25 mm, and 34 mm,
respectively. As the percentage of silica powder increases, the thermal
performance improves (Fig. 11). A higher reduction in thermal trans-
mittance occurs with 4 and 7.5 % of silica powder, whereas only 2 %
involves a minimal contribution (maximum difference of 1 %), regard-
less of the gap thickness. The reductions follow an almost linear trend
(regression of 0.97 for 16-mm and 34-mm gap thick and of 0.92 for 25-
mm gap thick). For the same mixture, the increase in the thickness of the
gap leads to a reduction in thermal transmittance up to 30 % from 16
mm to 25 mm gap-thick and 27 % from 25 mm to 34 mm gap-thick.

4.3. Building energy performance analysis

Although the entire building was modelled, the results of a single
intermediate floor are presented as an exemplary case. Fig. 12 shows the
total yearly primary energy use for the different glazing configurations
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Fig. 13. Relative variations for heating, cooling, lighting, and total energy use in Helsinki and Paris.

and localities, disaggregated for heating, cooling, and lighting services.
While the results for Helsinki exhibit a balanced use between heating
and cooling, Paris and, as expected, Palermo are cooling-dominated; in
addition, these two cities exhibit energy use for lighting almost iden-
tical. Due to these findings and for the sake of synthesis, only the Paris
results are analysed, the ones about Palermo can be derived by analogy.

The first finding is related to the high energy use for cooling in both
cities, despite their climatic conditions, which may be attributed to high
internal gains and to the high solar gains of a fully glazed building.
Concerning the impact of the aerogel glazing, it is observed that the 25
mm pane reduces the total energy use by 3.1 and 2.6 kWh/m? with
respect to the 16 mm layer in Helsinki and Paris, respectively. The dif-
ference is due to the reduction of cooling use due to the lower solar
gains; slight increase of heating use and negligible variations of electric
lighting use are observed.

Going into the details of the impact of the aerogel powder, it is
relevant to observe the relative variation of the energy use with respect
to the no-silica powder samples in Helsinki and Palermo in Fig. 13,
besides the absolute variations.

For sample 3 (16 mm aerogel thickness) in Helsinki, the maximum
heating use increase is observed for the 4 % powder concentration and it
is close to 2 kWh/m? (5 %) and there is not a defined trend as a function
of the powder concentration. The cooling use is instead highly sensible
to the powder concentration and the energy decreases accordingly,
reaching 21 % (about 8.5 kWh/m?) for 7.5 % powder. Lighting is
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inversely sensible to the powder concentration (as it reduces the light
transmission), however, the penalty is below 0.5 kWh/m? per year. In
terms of total energy use, 2 % silica powder slightly worsens the initial
performance, while the 7.5 % powder reduces it by 7.6 % (close to 7
kWh/m?). The 25 mm thick aerogel sample is intrinsically more efficient
in terms of thermal insulation and solar control (lower transmittance):
the variations caused by the silica powder are residual for heating and
lighting uses (<1 kWh/m?), but still relevant for the cooling use,
peaking more than 10 % (4 kWh/m?) for the 7.5 % sample. The total
energy uses range from —0.4 % (2 % concentration) up to 3.8 % (3 kWh/
m?) for the sample 3-5.

The results of the reference floor for Paris exhibit a very strong
predominance of cooling energy use, as the heating one accounts for
about 15 % of the latter for the samples of both thicknesses. The absolute
differences of heating and lighting uses are always lower than 1 kWh,/m?
for all powder concentrations with respect to the aerogel pane with no
silica powder. The cooling savings reach 10 kWh/m? for samples 3-5
leading to 12 % total energy savings; it should to be noted that the 4 %
silica powder provides 7 % total energy savings (>5 kWh/m?). The
absolute and relative savings get smaller with thicker samples. The 2 %
concentration does not change the initial performance of the system;
however, higher concentrations ensure cooling and total energy savings
by 3-4 kWh/m?, corresponding to 4-6 % in relative terms.

If the silica powder exhibits a significant impact on the lighting and
solar parameters even in small concentrations, the same does not relate
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to the application at the building scale. The effect of 2 % concentration
almost negligible in terms of total energy use; higher concentrations
ensure improved performance, especially in cooling dominate contexts.

5. Discussion

The optical properties of the investigated samples confirm the mainly
transparent, yet diffusing, behaviour of the materials and the very low
absorbance, especially in the visible range, in accordance with the
existing literature. The transmittance spectra of the base-case systems
(Fig. 7) show no differences in the profiles when increasing the material
thickness and a moderate reduction in the transmission coefficient, that
is at most 0.2 when passing from 7 to 34 mm. The introduction of silica
powder in the granular aerogel gap does not cause any significant var-
iations in terms of the spectral response of the glazing unit, as observed
in Fig. 8 for the thinnest sample. The material has a small selectivity,
with the transmittance and reflectance in the visible range a few digits
greater than in the solar range, and this behaviour remains unchanged
also with the introduction of the silica powder.

While no changes are observed on the profile of the spectra, the silica
powder has, conversely, a strong impact on the absolute transmission
levels, as inferred again from the transmittance spectra in Fig. 8 (16 mm
gap sample for the different powder concentrations): a significant
reduction is observed when adding only 1 % of powder (about 0.1). This
reduction is approximately the same when the powder percentage in-
creases from 2 to 4 % and from 4 to 7.5 %. A total reduction of about 0.5
is observed when adding 7.5 % of silica powder concerning the sample
without powder. This behaviour is emphasized with higher thicknesses,
whereby adding only 2 % of silica powder a 0.2 reduction is obtained;
values lower than 0.2 are observed with the higher thickness and the
higher powder percentage.

The change in transmittance and reflectance is intimately linked to
the thickness of the samples when the powder is added, as proven by the
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off-normal transmittance measurements. It was in fact observed that the
absolute difference of the normal and off-normal transmittance
decreased with the increase of the sample thickness at the same con-
centration; such difference was instead negligible for the pure granular
aerogel [2]. It can be explained by the fact that the higher the concen-
tration, the lower the transmittance, thus the absolute differences get
lower as well.

The combined observation of solar and thermal variations as a
function of the silica powder concentration provides some interesting
details, also reflected in the numerical analysis. While the solar trans-
mittance, and thus the solar gains through the glazing system, pro-
gressively decreases with the increment of powder in the mixture, the
thermal resistance (transmittance) does not substantially change for
small concentrations (1-2 %) but progressively decreases (increases)
with higher powder contents.

This behaviour of the solar transmittance vs. the thermal trans-
mittance explains, consequently, the negative results achieved in Hel-
sinki and Paris for the samples with 2 % concentration. In fact, such
glazing configurations have a very limited impact on cooling and
lighting performance but not on heating, whose consumption substan-
tially increases. This can be explained by lower solar gains and invari-
ance of thermal resistance, resulting in higher energy demand for the
space heating system; at higher silica powder concentrations the lower
solar gains are partly compensated by the higher thermal resistance,
with the consequence that the heating energy uses are similar or lower
than those achieved with the 2 % concentration. It must be also noted
that with 4 % and 7.5 % powder concentration, a significant reduction of
the cooling energy use is calculated.

In general, the 3-5 and 4-5 (7.5 % concentration) alternatives are
the most effective with the overall lower energy demand for all the
analysed locations. Given the substantial invariance of lighting needs
due to the rather low artificial illumination activation threshold and the
substantial satisfaction of the threshold also thanks to the predominance
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of transparent surfaces, attention must be focused on the distribution of
heating and cooling needs, as well as the relation between solar gains
and thermal transmission gains/losses through the glazed envelope. As
an example, in the selected building the best solution is the one with the
lowest solar transmittance, case 3-5, whose value is very similar to that
of case 4-4. However, the lower thermal resistance of the former, 0.92
W/m?K compared to 0.68 W/m?K, allows it to benefit from greater heat
losses during the night, acting like a sort of pre-cooling the environment
and consequently reducing the cooling demand. In this perspective the
numerical analysis here carried out must be considered as a preliminary
step. The effectiveness of the silica powder in improving the energy
performance of buildings equipped with aerogel glazing should be
explored for several variants, including the building use, the mix of
reference heating/cooling lighting energy use, and the transparent area
to total building envelope ratio.

A comparison with data from Literature was finally carried out, by
evaluating the relationship between the solar transmittance 1, and the
thermal transmittance U (see Fig. 14). It can be observed that the sam-
ples investigated in the present study show a significant reduction in the
solar transmittance when adding the silica powder; anyway, the powder
percentage has less influence on the 1. values. Conversely, a slight
decrease in the thermal transmittance is observed when increasing the
powder percentage. The samples without the powder are compared with
data from [33], where the thermal and optical properties of aerogel
samples with different granule sizes were investigated. Data related to
samples with LA1000 are reported in Fig. 14, compared to the samples
without powder studied in the present work. A similar trend is observed
for the 7. vs. U, despite slightly higher values of the solar transmittance
are obtained for the samples here investigated, when considering the
approximately the same thickness. It could be related to the improve-
ment during the time of the transmission optical properties of the
LA1000 granular aerogel.

6. Conclusion

Despite the thermal insulation properties of glazing systems equip-
ped with transparent aerogel is a well-established technology to reduce
space heating energy use in buildings, little explored is the way of
modulating the solar gains through highly transparent aerogel facade to
avoid overheating risks in buildings with relevant cooling demand and
use. To this purpose, this study provides a detailed analysis, both
experimental and numerical, of an innovative solution based on a
mixture of granular aerogel with hollow silica powder to increase the
reflectance of the glazing systems and, consequently, reduce the solar
and lighting transmission.

A number of double glazing samples with the mixture in the gap were
produced, different thicknesses and powder concentrations, the latter
varying from 0 % to 7.5 %. The optical measurements proved that the
solar and light transmittance can be reduced up to 0.48 and 0.45 on a
0-1 scale, respectively. Analogously, the solar and light reflectance can
be increased up to 0.49 and 0.46, respectively. The silica powder also
improves the thermal insulation performance of the system reducing the
convection heat transfer, and the thermal resistance of a glazing system
so conceived can increase to 0.18 m?K/W, or improve by 10 % in relative
terms.

Exemplary cases were also run in numerical exercise, in which the
performance of an office building equipped with aerogel and silica
powder facade was analyzed in a transient regime. The results showed
that the lighting performance was loosely affected by the glazing
configuration, due to the high glazing surface; the space heating use was
moderately affected by the difference configurations, mainly because of
the antagonist impact of lower solar gains and higher thermal insulation.
The greatest benefits were found for cooling energy use, with savings of
up to 21 %. Due to the high cooling demand and use of the selected
building, the impact of the silica powder was positive for high concen-
tration (4 % and 7.5 %), ensuring total energy savings up to 12 %.

Energy & Buildings 324 (2024) 114857

This study thus demonstrates the benefits of hollow silica powder to
be added to transparent granular aerogel windows and facades in
buildings with relevant cooling demand. However, more analyses are
needed to explore in detail the (day) lighting aspects and the energy
performance of buildings with higher heating use, to have a complete
framework for the potential of the selected technology.
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