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Abstract: Energy consumption, specifically in the building sector, is expected to rise. One potential
way to reduce energy consumption, or to slow this increase, is to reduce the heat loss in residential
homes. Silica aerogels have grown in popularity as an insulating material due to their extremely
low thermal conductivity. However, the benefits of using silica aerogels as an insulator in residential
buildings have not been thoroughly studied. To understand the benefits of using silica aerogels
as a thermal insulator in residential homes, experimentally validated simulations were performed.
The simulations were performed on a model of a full-scale residential house using the multiphysics
software ANSYS FLUENT 2019 R2. The simulations helped predict the actual saving benefits of using
aerogels as an insulator. Aerogels have the potential to be used as an insulator in both the walls and
windows due to its semitransparency. The results showed that the average kWh savings using one
half-inch layer of wall aerogel insulation coupled with window aerogel insulation was 20.9% for
the single-family house compared to traditional insulation. On average, the energy lost through the
windows was 39.1% lower when using aerogel insulation compared to standard insulating materials.
The energy lost through the house walls was 13.3% lower on average when using a thin layer of
aerogel insulation. While a thin layer of aerogel insulation provided a benefit when used in the house
walls, the potential for savings per quantity used was greater in the windows.

Keywords: aerogel; insulation; simulation

1. Introduction

Global energy and environmental issues call for an urgent reduction in energy con-
sumption and greenhouse gas emissions. Over the last decade, about 40% of the total
U.S. energy use was consumed in residential and commercial buildings [1]. It is estimated
that the global energy demand in buildings will at least be doubled by 2050 compared
to today’s levels [2]. As economic growth and urbanization are expected to continue, the
energy consumption in the building sector will keep growing. Slowing the growth of
energy consumption in the building sector will serve to reduce ownership costs and to
slow the increase in greenhouse gas emissions. The installation of thermal insulation is one
of the most effective approaches to improving the energy efficiency of buildings [1,3-5].
There are two methods of improving this thermal insulation; the first is to continue using
traditional building insulators, such as mineral wool [6,7], and to increase the total amount
of insulation. The drawback of increasing the insulation used is a reduction in floor space
and, eventually, an increase in cost. Research results indicated that mineral wool systems
showed a more negative environmental impact when considering all the environmental
indicators rather than the equivalent systems with expanded polystyrene [8]. The second
method of improving thermal insulation is to improve the existing insulation systems or
to develop new materials to use as insulators. This is the key tool in designing and con-
structing energy-efficient buildings. For example, the IEA-EBC Annex 65 Project [9] aims to
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evaluate the long-term performance of superinsulating materials in building components
and systems with a focus on two superinsulating materials, i.e., vacuum insulation panels
and advanced porous materials [10,11].

New state-of-the-art insulators [6] include vacuum insulation panels [4,12], gas-filled
panels [13], aerogels [14-16], and thermal insulation materials [17,18]. One of the most
promising new insulators is silica aerogels [19]. The primary reason aerogels are so ap-
pealing is their very low thermal conductivity [20]. Commercial aerogels have a thermal
conductivity that is typically in the range of 0.013-0.015 W/(m-K). In comparison, min-
eral wool typically has a thermal conductivity between 0.03 and 0.04 W/(m-K). Another
characteristic that makes aerogels standout compared to other insulators is their potential
transparency [20]. This opens the possibility of aerogels being used as a window and
skylight material, not just wall insulation.

A comprehensive review of aerogel thermal insulation cementitious composites was
introduced by the authors of [21]. The study presented an in-depth review of the production,
mechanical, and durability properties of aerogel composite insulation. A summary of
case studies was presented with a strong suggestion for the future implementation of
such materials in building insulation. Aerogel insulation implementation has spread to
various countries under various climactic environments. For example, the performance
of aerogels implemented as a thermal insulation material in residential buildings was
evaluated under tropical climates in Nigeria [22]. The study showed a 15% reduction in
energy consumption and stated that it was a great potential investment for the energy sector.
The authors expressed concern that the high initial price of aerogels might limit their usage.
Ganobijak et al. [23] developed a novel insulation system using silica aerogel granules. The
authors tested the thermal and mechanical properties, and the results were compared to
3D computer simulations of glass—brick wall systems. The thermal conductivity of the
glass—brick system was 53 mW /(m-K), and it matched the computer modeling well. The
authors claimed that the developed system was one of the insulation systems that had the
highest performance available in the literature [23].

The development of aerogel insulation using aramid fiber composites was introduced
in [24]. The study included the synthesis of aerogels using tetraethoxysilane (TEOS) as
the precursor, polyimide (PI) powder as the reinforcing agent, and nonwoven AF as the
substrate. The developed insulation material was characterized using scanning electron
microscopy (SEM) accompanied by mechanical testing. The results demonstrated that the
aerogel insulation showed an excellent heat transfer performance and that the thermal
conductivity decreased from 4.08 to 3.91 (W/cm-°C) X 10~%. Carroll et al. [25] presented
various approaches for preparing monolithic silica aerogel windows using a supercritical
extraction method. The results presented a glazing design that used thinner monoliths
incorporated with artistic dyes and laser etching.

Aerogels as an alternative for thermal insulation in buildings were investigated in [26]
through an in-depth review. The review included a comprehensive description of the
most relevant properties of aerogels and their insulation capabilities. The effect of silica
aerogels on thermal insulation and the acoustic absorption properties of geopolymer
foam composites were presented in [27]. The study included four types of silica aerogels
as potential energy-saving materials. The aerogels had several ranges of particle sizes
(2-40 um, 100-700 pm, 100-1200 pm, and 700-4000 pm) in order to investigate their
insulation and acoustic properties. The results showed that the smaller the aerogel particle
size, the less effective it was as insulation. The optimum aerogel type showed a thermal
conductivity of 0.133 W/ (m-K). Yin et al. [28] investigated the thermal performance of an
enclosed dome with a double-layered aerogel-glass insulation system. The investigation
was conducted experimentally using thermometers to monitor the temperature during the
summertime. The study parameters were the thermal insulation options: a double-layered
membrane roof containing no extra insulation, peripheral wool glass insulation, and all
aerogel insulation. The roof with hybrid insulation reduced the average temperature
difference by 7.7 °C. Finally, the thermal insulation and moisture resistance of the high-
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performance silicon aerogel composite foam ceramic and foam glass were investigated
in [29]. The authors synthesized new ceramic composite aerogel and foam glass composite
aerogel materials. The thermal conductivities were 0.04159 and 0.04424 W/(m-K) at 25 °C
for the aerogels and the foam glass composites, respectively. The developed materials
showed great potential as insulation for building structures.

While using aerogels is expected to significantly decrease the annual heat loss in
residential buildings compared to standard insulation materials [14], the literature contains
very limited research conducted on the implementation of aerogel insulation in walls
and windows. In addition, there are few full-scale experiments or simulations conducted
showing the true potential savings of using aerogels [30-32]. The objectives of this study
were to determine the thermal properties of silica-aerogel-based walls and windows, to
validate these values experimentally, and to apply these validated values to high-fidelity
multiphysics simulations. The annual heat loss in a residential building with aerogel
insulation was compared to the same building with standard insulation. By completing
these objectives, the main contribution of this study was determining the potential energy
savings of using aerogels as an insulator in a residential house either as a retrofit to an
existing house or in a new house construction. Compared with the previous literature, this
study excluded other factors affecting the energy consumption of the residential buildings,
such as human activities, and, therefore, facilitated the evaluation of the energy savings as
a result of a reduction in the thermal conductivity of the silica aerogels only.

2. Results and Discussion

The simulation was run as a parametric study. The proposed parametric study fac-
tors were whether aerogels were used in the walls or whether aerogels were used in the
windows. Therefore, there was a total of four simulation runs as shown in Table 1. This
included the control simulation that did not have aerogels in either the windows or the
walls. These studies were performed to see the practical effect of using aerogels in either the
walls or the windows and to determine if one was more useful than the other by comparing
the results to the control simulation that did not include any aerogels. The amount of the
energy savings for each case was reported in the results.

Table 1. Parametric study.

Study Type Aerogels in Window Aerogels in Walls
Control No No
Walls Only No Yes
Windows Only Yes No
Both Yes Yes

The temperature data taken from The National Centers for Environmental Informa-
tion [33] were averaged for each month as shown in Table 2. Each simulation scenario in
the parametric study was solved for each month of the year. The temperature values in
Table 2 were used as the outer-wall temperatures for each month. This approach was taken
to reduce the computational costs.

Table 2. Averaged monthly temperatures, Moscow Idaho, 2015.

Month

January February March April May June July August September October November December

Mean Tem-
perature (°F)

31.2

343 408 469 538 594 66.2 66.9 59.1 48.4 37.3 29.5

To authenticate this approach, one simulation was conducted to calculate the wall
heat rates using the average temperature values for each day. This 365-day simulation was
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performed on a residential house with standard insulation, i.e., no aerogel insulation. This
simulation was compared to the control simulation using the monthly data (Figure 1).
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Figure 1. Comparison of wall heat rates using yearly and monthly data.

The rate of the heat lost through the walls and windows was solved in the simulations.
Figures 2 and 3 show these heat rates when aerogels were used versus standard insulation.
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Figure 2. Simulation results of rate of heat lost through house walls comparing aerogel to standard
insulation.
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Figure 3. Simulation results of rate of heat lost through house windows comparing aerogel to
standard insulation.

From Figure 2, the average monthly heat lost through the house walls was 13.3% lower
when using a 1/2 inch layer of aerogels rather than standard insulation. Likewise, Figure 3
shows that the average monthly rate of heat lost through the house windows was 39.1% lower
when using aerogels in the window gap. It is clear from these results that, when used as an
insulator, aerogels reduced the rate of the heat lost through the house’s walls and windows. It
is important to note that the heat loss rate difference between aerogel insulation and standard
insulation was much greater in the windows than in the walls.

The total kWh per month was calculated for each of the four simulations with the

following equation:
E =24H,D (1)

where H, is the total rate of the heat lost through the house for each month (kW) and
where D is the number of days in the month. Figure 4 shows this kWh loss per month for
each simulation.

The kWh loss in Figure 4 represents the energy loss due to the heat lost throughout
the entire house, including the windows, walls, floor, doors, etc. However, it does not
account for many forms of energy loss in residential homes, such as the appliances, opened
windows, opened doors, etc. As expected, the greatest energy loss occurs in the months of
November, December, January, and February. The average kWh used over the entire year
for the house when no aerogels were used (control) was 1874 kWh, and, when aerogels
were used in both the windows and walls (both), the average kWh was 1480 kWh. Thus,
the average kWh per month was 20.9% lower when using aerogels as an insulator. It is
clear from the results that the lowest loss of energy occurred when the residential house
had aerogels in both the windows and walls. Despite there being more aerogels used when
placed in the walls than when placed in the windows, the benefit from using aerogels in
the windows was greater than that of its use in the walls.
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Figure 4. Total kWh loss per month for each simulation scenario.

3. Conclusions from Simulation Study

The feasibility of using aerogel blankets in the walls and windows as a super insulator

was verified using small-scale laboratory testing and high-fidelity computer simulations.
The following conclusions were drawn from the project tasks conducted:

The multiphysics model was confirmed to be a promising tool for predicting room-
temperature decay.

Multiphysics simulations can be used to accurately predict the temperature, heat flux,
and energy loss through the windows, walls, floors, doors, ceilings, and their combina-
tion under various insulation conditions that are difficult to create using experiments.
The energy lost through the walls of a house is potentially 13.3% lower when using a
1/2 inch layer of aerogels as insulation.

The energy lost through the windows of a house is potentially 39.1% lower when
using a 1/2 inch layer of aerogels as insulation.

The potential yearly energy savings using a 1/2 inch layer of aerogel insulation in the
window gaps and walls of a residential building is 4721.8 kWh. This is more than
one-fifth the total cost without aerogel insulation.

The savings potential is greater with the use of aerogel insulation in the windows than
in the walls.

Future work will focus on adding other factors, such as human activities, into
the simulations.

4. Materials and Methods

The primary multiphysics software used to perform the simulations was the ANSYS

FLUENT 2019 R2 suite [34]. FLUENT is a multiphysics software that can perform many
functions, including computational fluid dynamics coupled with heat transfer. Other
software was used alongside the ANSYS software, including Tecplot 360 EX 2019 R1 for
postprocessing and Pointwise software for meshing.
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4.1. Mathematical Modeling

The governing heat transfer equation used in FLUENT was the equation for conduction
or the differential form of Fourier’s law.

qg=—kVT @)

where g is the local heat flux density (W/m?), k is the thermal conductivity of the material
(W/(m-K)), and VT is the temperature gradient (K/m).

4.2. Validation

To validate the ANSYS simulations, two experiments were performed using two
different aerogels. The first aerogel was a blanket type and was meant to mimic house wall
insulation. Its commercial name was Spaceloft® blanket aerogel, and it was purchased from
Aspen Aerogels (Northborough, MA, USA). The other aerogel type was a semitransparent
glazed aerogel meant to mimic aerogel windows [35]. This was Lumira® aerogel purchased
from Duo-Gard Industries Inc. (Canton, MI, USA). The two experiments were set up in a
similar setup and were under the same environmental conditions (temperature and relative
humidity). Two 3.0 x 3.0 x 3.0 foot cubical wooden frames were constructed as shown
in Figure 5. One set up was made with aerogel blankets as wall insulation (Spaceloft®),
and other was made with walls constructed with glazed aerogel windowpanes (Lumira®).
Figure 5 shows the setup using the Lumira® aerogel window material with one side lowered
to display the inside of the box.

it

Il

Figure 5. Aerogel box for experimental validation.

A heater was placed inside along with temperature sensors on the inside and outside
of each wall. The temperature gradient between the inside and outside of the box were
measured, and all data were collected using a datalogger. The main purpose of this box
was to measure the thermal conductivity of the aerogels and to validate the value provided
by the manufacturer. Figure 6 shows the three simulation temperature gradients compared
to the experimental temperature gradient. The thermal conductivity value that matched
the experimental results was k = 0.014 W/(m-K).
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Figure 6. Comparison of simulation results to experimental results of Spaceloft® aerogel wall material.

As shown in Figure 6, the experimental and the simulation temperature-gradient
curves matched very well. Thus, the k-value used in the multiphysics simulations was
validated through the experimental procedure.

A replicate experiment was performed using the Lumira®™ aerogel window material.
The previously validated simulation tool was used to simulate this experiment, and, again,
the prediction agreed well with the experimental data as shown in Figure 7.
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Figure 7. Comparison of simulation results to experimental results of Lumira™ aerogel window material.
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4.3. Simulation of a Residential House

To understand the effects of aerogels as an insulator, a steady-state simulation of
a full-scale 3D residential house was performed. The insulation of the thickness of the
house’s walls and window was modeled as variable. This enabled a parametric study to be
performed, using both standard insulation and aerogel insulation. Outside temperatures in
all the simulations were based on the measured daily temperature averages of Moscow,
Idaho, over the dates 1 January 2015-31 December 2015, which were taken from the National
Centers for Environmental Information (NCEI) [33]. The NCEI provide environmental and
climate data for many purposes, including academia. The year was chosen due to the large
amount of data available for it. The flux across the walls and windows were simulated, and
the impact of the aerogels on the overall thermal environment was evaluated. The total
heat loss during each month was evaluated in units of kWh. The house design was based
off the floor plans for a residential home in Moscow, Idaho. The design was simplified and
modified to reduce computational costs, but the important features were kept. Some of the
features that were simplified include the attic, roof, and basement.

4.3.1. Geometry and Grid Development

A grid of the single-family house was developed for multiphysics simulation to
evaluate heat loss for a typical residential house with the addition of aerogel windows
and walls. Figure 8 shows the 3D view of the mesh of the single-family house used in the
computational fluid dynamics (CFD) simulations. This mesh was generated in Pointwise.

Figure 8. Residential house CFD mesh.

A multilayer floor and external walls were modeled. The house had a floor area plan
of 2000 square feet. Since the focus was on walls and windows, a flat ceiling was used
to reduce unneeded simulation complexities. Other features included multiple internal
walls, windows, and doors. The single-family house grid contained 11.4 million grid
points. To compare the effects of aerogels, the vertical walls and windows had variable
materials. The wall insulation was 4 inches thick, including a 1/2 inch variable section that
could be specified as either an aerogel or generic insulation material composite, with a
thermal conductivity value of k = 0.045 W/(m-K) [6]. The walls were composed of outer
plywood sheathing with 1/2 inch rated material, leaving the walls with 5.5 inch of effective
insulation (R-21). The walls were broken into two blocks (a 5 inch block and a 1/2 inch
block). Studs were 16 inch in center with 1/2 inch gypsum wallboard on the walls’ interior.
The windowpanes had a gap (I/2 inch) that could be specified as either air or aerogel
insulation. For this case, the thermal conductivity of air used was k = 0.0242 W/(m-K).
This allowed for the ability to isolate and swap different window /wall configurations in
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the main grid. The house grid included a total of 20 windows varying in size, 2 sliding
glass doors, 1 garage door, and 1 standard door. The ground floor was 4 inch concrete
with 60°F ground outside of it. There was no basement, so the cement sat directly on the
ground underneath. Sheathing was applied to outside walls. Other materials were used
throughout the house as well to generate a realistic simulation. Table 3 includes all the
materials used as well as their thermal properties as used in the simulation.

Table 3. Simulation materials.

Material Location Density kg/m3 Specific Heat J/(kg-K) = Thermal Conductivity W/(m-K)
Wood Walls and roof 700 2310 0.173
Vinyl Siding 125 1200 0.17
Sheathing Roof 6 1300 0.055
Insulation Composite Walls 73.1875 1062.8 0.045
Gypsum Walls 800 1100 0.17
Glass Windows 2500 800 0.8
Concrete Foundation 2300 880 14
Aerogel Windows and Walls 120 1050 0.014
Air N/A 1.225 1006 0.0242

4.3.2. Solver Methods
FLUENT solver 19.4 was used. The FLUENT model settings chosen are seen in Table 4.

Table 4. FLUENT model settings.

Model Setting
Space 3D
Time Steady
Viscous Laminar
Heat Transfer Enabled
Solidification and Melting Disabled
Radiation None
Species Disabled
Coupled Dispersed Phase Disabled
NOy Pollutants Disabled
SOy Pollutants Disabled
Soot Disabled
Mercury Pollutants Disabled

The momentum equation was solved, although it was not necessary in this case since
there was no fluid flow. The termination criterion under the multigrid method for all the
equations was set to 0.1, and the energy relaxation factor was set to 1. The minimum
and maximum absolute pressure limits were 1 Pa and 5 x 10'? Pa, respectively, while the
minimum and maximum temperature limits were 1 °C and 5 x 10% °C, respectively.

4.3.3. Boundary Conditions

The primary thermal boundary conditions that were controlled in the parametric study
were as follows: floor, inner wall, outer wall, variable wall layer, ceiling, and window gap.
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The inner-wall boundary condition was set at a constant room temperature of 70°F, while
the outer-wall temperature was set as the average outside temperature for each month.
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