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Abstract

Building heating, ventilation and air conditioning (HVAC) accounts for about 13.6

quadrillion BTU ("quads") per year or 14% of the total energy consumption in the United

States.' Accounting for 39% of annual US carbon dioxide emissions, this consumption is directly

related to the energy efficiency of the building envelopes. 2 Windows form an essential but lossy

part of building envelopes, particularly during cold weather. Thermal losses in the U.S. from

controlled indoor environments to outdoors climates account for $20 billion dollars in energy

each year, signifying a need for more energy efficient windows. However, insulating windows

represent a thermal challenge due to the needs for optical clarity and thermal performance.

Successful application of window design requires an in-depth understanding of both fundamental

heat transfer and the occupant needs of our buildings.

One promising solution to these energy losses is the use of silica aerogel, a porous

material with super-insulating properties. Previous studies have explored the use of aerogels for

energy efficient window glazing due to its low thermal conductivity and promise of

transparency. However, its adoption in the general window market has been limited by its low

optical clarity characterized by a blue haze. In this work, we present the development of a high-

clarity silica aerogel that is able to achieve visible transmittance > 98 % and thermal conductivity

< 13 mW/mK that has been optimized for use in building windows. This performance was

achieved by careful tailoring of the interconnected particle network driven by optical modeling

to reduce effective scattering size within the material below 10 nm diameter. Next, clarity and

thermal conductivity of the material was improved by optimization of the solution-gelation
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synthesis across over 300 unique samples and 80 recipes. This provided a framework for

achieving a variety of low-haze aerogels with varied thermal, sound-proofing, and mechanical

properties.

After achieving high-clarity through optimization of the solution-gelation chemical

recipe, several 5 inch diameter double-pane prototypes were to measure the optical, thermal, and

acoustic performance. Results indicate that sealing high-clarity aerogel into the gaps of existing

double-pane window designs, we can achieve a center-of-glazing U-factor of 0.20 BTU/h/ft2 /F,

which is 35-50% more insulating than current building codes across North America. These early

thermal results and a production-scale techno-economic analysis indicate the aerogel has the

ability to achieve cost-effective thermal performance that is competitive with traditional double-

and triple-pane windows. Additionally, the aerogel is able to withstand exposure to extreme

conditions, such as temperature > 200 °C, relative humidity > 60%, and ultraviolet exposure for

more than 6 months without degradation of the nanostructure or optical quality. These results

show a promising proof-of-concept design for an aerogel double-pane window that is capable of

state-of-the-art performance without a prohibitive cost to consumers. Successful development

and commercialization of this high-clarity aerogel has the potential to save billions of dollars in

annual building energy losses while satisfying the diverse and complex needs of our buildings.

Thesis Committee:
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Chapter 1

1. Introduction

Since the first dawn, humans have counted on the sun to provide light, heat, demarcation of

time, religious inspiration, etc. People have grown to depend on sunlight so much that if we are

deprived of it, our physical and mental health can be affected. What makes this abundant energy

source so special? The spectrum of radiant energy coming from the sun provides a range of ultra-

violet, visible, and near-infrared light which humans have adapted to use in a variety of ways (such

as vitamin D conversion, vision and color, and heat, respectively). This light shines on the Earth's

surface as a collimated source, allowing it to be concentrated and directed.

But, when modem life requires us to spend more than 80% of our time indoors, the benefits of

natural lighting can soon be lost. We try to emulate the benefits of the solar spectrum through

various strategies, but studies have shown that natural lighting increases happiness, color

perception, productivity, and performance in a way that is difficult to match.4 An obvious solution

to this problem is to use the light that is already falling into our laps; daylighting uses the sun's

natural light to provide illumination, particularly in building interiors. In architecture, daylighting

has the potential to not only increase happiness and productivity, but it can also be an energy

efficient and aesthetic solution.

Fenestration-based daylighting is the oldest and simplest form of natural lighting seen in

buildings. However, the basic single-pane windows that dominated the last millennia can no

longer meet the energy and comfort needs that modem buildings demand. Windows today focus

on maximizing comfort and performance, and designs must consider many factors including visual

performance, thermal comfort and energy loss, and shading and light control. Glazing systems are

being designed to meet these needs with specificity for building location, climate, and occupancy

needs with a precision that surpasses what has been developed in the past.

1.1 AEROGEL FOR ENERGY-EFFICIENT WINDOWS

The diverse needs of buildings require windows to be varied in their thermal and optical

properties. Considerations for climate, orientation, occupancy, etc. all vary the performance needs

of the windows used. However, a growing unmet need across all climates is the limitations of

affordable, thermally insulating glazing elements. Existing products rely on three primary
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strategies to improve performance: 1) add more layers of glass, 2) fill the space between the glass

layers with insulating gases, 3) add solar and thermal coatings to one or more of the glass panes.5

By adding more layers and insulating gases, thermal performance can be significantly increased

(by as much as 10 times) but it also raises the cost significantly - sometimes quadrupling the cost.

While adding coatings to glass panes is a cheap, effective solution to reduce radiative losses, it

cannot prevent convection or conduction through the window and has, therefore, reached its limit

for effectiveness.

These strategies can be used in combination to meet the diverse needs of buildings, but often

this results in products that are either highly cost prohibitive or sacrifice energy performance,

forcing consumers to choose between efficiency and affordability. Installed triple pane windows

in the United States account for less than 5% of all windows, but with no affordable high-

performance options, this is not a surprising number.6 The thermal limitations and high cost of

traditional windows result in large sacrifices of energy and/or comfort in more than 80% of new

buildings installed each year. 7 The lack of affordable, energy efficient windows results in

Americans wasting over $20 billion in energy annually.8

The next generation of windows needs to meet the rigorous standards we have for optical and

thermal performance, while remaining relatively inexpensive and durable. One path of materials

that enables this performance is silica aerogel, a nanoporous material made up of aggregated glass

nanoparticles. Transparent, insulating aerogels provide a unique blend of intrinsic properties (heat

loss suppression, visible transmission, lightweight, etc., see Figure 1) that have the potential to

increase window performance with minimal impact to existing design and cost.9-"1
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Figure 1: (a) High optical clarity of our aerogel compared to commercially available materials. (b) Ultra high
insulating properties of aerogel material compared to traditional window materials.

The aerogel structure consists of a cross-linked silica particle backbone supporting a highly

mesoporous (2-50 nm) network comprised of aggregated particles, as seen in Figure 2.12,13 With

such a low solid volume fraction and pore sizes smaller than the mean free path of air, the solid

and gaseous thermal conductivity of aerogels is very low (less than the thermal conductivity of air

at room temperature). 4 The radiative thermal conductivity is also very low due to the high

absorptivity of the silica particles in infrared (IR) wavelengths; the particles absorb incident

radiation and re-radiate in all directions, greatly reducing transmitted IR radiation.' 5 These small

feature sizes of the particles and pores also allow the transmission of solar wavelengths (300-2000

nm); the only barrier to transmission through the structure is the refractive index difference

between the aerogel backbone (silica particles) and air. But, by fabricating aerogels with very small

pore and particle sizes (less than 10 nm diameter average), almost all of the visible spectrum can

be transmitted (Figure la).16-1'9 This high transparency and incredibly low thermal conductivity

means that very little material and added cost is required to achieve state-of-the-art window

performance, opening a new avenue for energy efficient windows.
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I~10nm

Figure 2: Typical structure of an optically transparent silica aerogel. Small primary silica particles (<1 nm
diameter) aggregate together to form larger secondary silica particles (-2 nm diameter). These secondary
particles bond together to form an interconnected necklace structure that supports a highly mesoporous
network. Pore sizes vary greatly in the material, but mean pore size is ~ 10 nm. 2

1.2 THESIS OBJECTIVES AND OUTLINE

The objective of this thesis is to outline the methodology for creating optically clear, thermally

insulating, and sound-proofing silica aerogels for energy efficient windows. To do this, we present

the development of a high-clarity silica aerogel that is able to achieve visible transmittance > 98

% and thermal conductivity < 13 mW/mK. This performance was achieved through iteration and

characterization of over 300 unique samples guided by robust optical modeling, providing an

understanding of the interconnected nanostructure and its influence on the optical, thermal, and

acoustic properties. After achieving high-clarity through optimization of the solution-gelation

chemical recipe, several 6 inch diameter double-pane prototypes were assembled and tested to

industry standards for optical and thermal performance. Early thermal results and techno-economic

analysis indicate the aerogel has the ability to achieve cost-effective thermal performance that is

competitive with traditional double- and triple-pane windows. Overall, these elements provide a

framework for achieving high-clarity aerogels that can be optimized for the various needs of

windows in buildings. The structure of this thesis is outlined below:

In Chapter 1, the motivation and background information for silica aerogel in windows is

discussed.
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In Chapter 2, we present an overview of thermally insulating windows and the fundamental

principles that drive state-of-the-art development.

In Chapter 3, we introduce transparent silica aerogels and the synthesis process. We then explore

the relationship between the unique nanostructure and the optical properties, and use these

relationships to optimize the aerogel chemical recipe to yield low-haze aerogels.

In Chapter 4, the aerogel structural properties and optical, thermal, acoustic, and mechanical

properties are characterized to create a framework for optimization.

In Chapter 5, we explore the various sources of defects unique to the high-clarity aerogel samples

and how these defects can be minimized. This includes analysis of the solution-gelation synthesis,

critical point drying, and the use of annealing.

In Chapter 6, the integration of optimized aerogels into a double-pane insulated glass unit is

described. This includes development and testing of small-scale prototypes for optical, thermal,

and acoustic performance to industry standards. Additionally, in this chapter we discuss potential

modes of failure and preliminary testing of these modes.

In Chapter 7, the feasibility and practicality of aerogel windows is discussed. This includes a

techno-economic analysis of the aerogel synthesis projected to commercial production. It also

includes an analysis of the economic and energy savings potential of aerogel double-pane windows

based on measured aerogel properties.

In Chapter 8, we summarize the work presented and discuss future directions.
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Chapter 2

2. State-of-the-Art Energy Efficient Windows

Building heating, ventilation and air conditioning (HVAC) accounts for about 13.6 quadrillion

BTU ("quads") per year or 14% of the total energy consumption in the United States.1 This

consumption is directly related to the energy efficiency of the building envelopes, where windows

form an essential but thermally lossy part of the exterior. Thermal losses in the U.S. from

controlled indoor environments to outdoors climates account for $20 billion dollars in energy each

year, signifying a need for more energy efficient windows.3 But with more than 80% of the average

person's time spent indoors, these solutions also need to consider the various aspects of

daylighting, comfort, and reliability. Modem windows need to use many designs and strategies to

meet the needs of both the building and the occupants.

Traditional, transparent fenestration can be broken into two parts: the optically clear center-of-

glazing, and the frame used as the structural element for incorporation into the wall. Many

variations of these elements exist to satisfy the diverse needs of our buildings, but the glazing and

the frame are universal features. Figure 3 shows an example of a typical double-pane window

system designed for residential buildings.

Glass Panes

Cavity

Spacer 
Frame

Window Cross Section

Figure 3. Simple diagram of a residential, double-pane window illustrating some of the key elements.
Different styles of windows will use combinations of these and other elements to achieve desired optimum
performance in varied applications.
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While windows can have a variety of elements based on their performance needs in application,

the common components include:

• Glass pane(s)
• Spacer
• Cavity fill(s) (such as gasses)
• Glass coating (on one or more glazing surfaces)
• Structural frame materials (sash, frame, etc.)
• Sealants, claddings, etc.

Generally, building occupants think about the most important window properties - transparency

and thermal insulation - as center-of-glazing properties. However, the full window assembly

(including the frame, sealing elements, spacers, etc.) can all have a significant influence on

performance. Different applications use varied combinations of these elements, which can make it

challenging to compare performance, especially in state-of-the-art products where strategies can

focus on improving one aspect of the window assembly independently. Therefore, standard figures

of merit have been adopted as a way to describe and compare both center-of-glazing and full

window performance.

2.1 FIGURES OF MERIT

The diverse needs of buildings require windows to be varied in their thermal and optical

properties. Considerations for climate, orientation, occupancy, etc. all vary the performance needs

of the windows used. However, there are several standards by which the performance of windows

can be quantified and compared.5 Here we discuss the most universally applicable figures of merit.

2.1.1 U-factor

The U-factor or U-value is an area averaged heat transfer coefficient used to quantify the

thermal transmittance of a material or stack of materials. It was established as a standard measure

of window insulating performance by the National Fenestration Rating Council (NFRC). For a

fixed inside and outside temperature (as described in NFRC-100),2 the U-factor quantifies the rate

of heat transfer per unit area per unit indoor-outdoor temperature difference. As discussed later in

this chapter, the thermal energy flow through the window is a summation of the conduction,

convection, and radiation heat transfer through elements of the window such as the center-of-

glazing, or through the entire window assembly. Including the frame and support elements

generally increases the total window's heat transfer rate over just the center-of-glazing, but is a
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more representative metric of performance in application, and necessary to quantify for modeling

and selecting windows for building performance. Total U-factor for a window, Ut, is defined as

Ut = Q
tA pf (Tout - Tin)'

under typical indoor and outdoor conditions described as

Tin = 21.0°C

Tout = -18.0°C

Vwind= 5.5 m/s

'solar= 0 W/m 2

where Qt is the total heat transfer from the indoors to outdoors, Apris the projected area of the

fenestration. The fixed conditions defined as Tin and Tout are the internal and external

environmental temperatures, Vind is the external wind speed, and Isolar is the normal incident

solar irradiance.

Individual elements can be quantified using a similar approach, and total U-factor of the

window can be estimated using an area-average summation of U-factors of individual elements

using the equation:

Ut = [Z(UA)rrame + Z(UA)divider + Z(UA)edge-of-glazing + ,(UA)edge-of-ivider + E(UA)center-or-giazing]
Apf

Related to the U-factor is the insulating factor, or R-value or R-factor, which is defined as the

reciprocal of the U-factor. While a low U-factor indicates good performance by describing a low

thermal transmittance, a high R-factor indicates good performance by describing its high thermal

resistance.

2.1.2 Condensation Resistance (CR)

Condensation Resistance (CR) is a numerical metric varying between 1 and 100 that quantifies

resistance to water condensing on the interior surface of the window due to humidity. This

condensation happens when the local temperature of the interior surface drops below the dew point

of the water (dependent on the internal environmental relative humidity). A higher number

indicates that condensation is less likely to occur on the window. The NFRC has established the

standard method for determining CR per standard NFRC 500.2 The overall CR assumes indoor
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and outdoor temperatures and wind speeds same as those used to define the U-factor (see Section

2.1.1), while indoor relative humidity is varied across relative humidities of 30%, 50%, and 70%.22

At these conditions, the CR is calculated as the relative area which experiences condensation

at the various humidity levels normalized by the total window areas. The CR also includes terms

that account for the degree to which surface temperatures are below the dew point at different

humidity levels. The CR can be used to describe any portion of the window (center-of-glazing,

edge-of-glazing, frame) or the window assembly as a full product.

It is important to note that the CR and U-factor both describe aspects of the thermal transport

through the window, but are not necessarily related. The U-factor describes total area-averaged

energy transfer, whereas CR will capture local occurrences of low inner surface temperature. CR

describes the magnitude of thermal short circuits within the window that the U-factor metric

cannot. However, it is generally true that if a window has good thermal performance CR will be

high and U-factor will be low.

The CR should not be used as a way to predict condensation in application (which creates

visual issues, degrades window elements, and can affect U-factor), but instead indicate the relative

effectiveness of the window design to insulate throughout the surface area of the product.

2.1.3 Solar Heat Gain Coefficient (SHGC)

The Solar Heat Gain Coefficient (SHGC) is a measure of the amount of solar energy that can

pass from the exterior of the building into the interior through the fenestration in question. Unlike

solar transmittance, the SHGC is a measure of both the direct and indirect solar radiation that can

be absorbed and re-emitted into the interior of a building. The heat gain is quantified from 0 to 1,

with 0 representing 0% of solar energy transmission and 1 meaning 100% of solar energy is

transmitted through the fenestration as defined per standard NFRC 200.23 As with U-factor,

performance can also vary between the center-of-glazing and the full window assembly SHGC.

Conditions for testing the SHGC are defined as

Tin= 24.0°C

T0,e= 32.0°C

Vwin d= 2.75 m/s

Isolar = 783 W/m 2
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This metric is particularly important in heating or cooling dominated climates, where precise

control of the amount of solar energy allowed to enter the building can have a dramatic effect on

indoor environmental control and building energy consumption. Practically, to simplify

development and comparison of technologies it is common to use a closely related quantity, solar

transmittance, Tsol, to estimate center-of-glazing properties. The difference between SHGC and

T, 0 1 is due to the absorbed and re-emitted solar radiation by the glazing, which is typically very

small (up to 15%) in common windows. For performance comparisons and simple energy

modeling either metric can be used.

2.1.4 Visible Transmittance (VT)

Visible Transmittance (VT) is a measure of the visible light that is transmitted through a full

window assembly or individual components, such as center-of-glazing. As with SHGC, the metric

is scaled from 0 to 1 (equivalent to 0% and 100% of visible light transmitted). The VT is measured

as the total hemispherical transmitted light within the spectrum defined from 390 to 750 nm,

normalized to an uncovered baseline (100% transmission) as described in standards NFRC 20023

and 2022. It is typically desirable to maximize VT in order to utilize as much daylight in a building

as possible, but increasing VT will also increase the SHGC, as they are both related to the

transmission of the solar spectrum. While VT can be applied to all elements of a window, full

window values will always have a VT lower than 1 due to the inclusion of the framing elements

that cannot transmit 100% of incoming light.

It is also important to note that VT does not quantify the clarity of transmitted light, which is

directly related to the angle at which the visible spectrum is transmitted. There is a related metric

for haze that is used to quantify the amount of light scattered at more than 2.5° as it travels through

the medium, 2 5 but even this standard does not account for the effects on visual aesthetics when

incoming light is at a high angle. It is necessary to use VT and haze metrics to meet minimum

performance requirements and compare to prior works, but the full visual experience must be

considered for a successful application of a window technology.
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Figure 4. Summary of the key figures of merit defined for windows: a) U-factor is the measure of heat flow per

unit area for a given temperature difference through the area of a window. b) Condensation Resistance (CR)

is the measure of local area-averaged condensation (scaled from 0 to 100) on the inner surface of a window. c)

Solar Heat Gain Coefficient (SHGC) is the fraction of solar energy that is transmitted to the inner environment

on a scale of 0 to 1. d) Visible Transmittance (VT) is the amount of visible light that is transmitted through the

window normalized on a scale of 0 to 1.

2.2 MEASURING & APPLYING FIGURES OF MERIT

The various figures of merit for windows are measured per the defined NFRC standards as

discussed above. Generally, figure of merit values that are reported for a full-window require test

chambers to replicate the prescribed standard conditions. For U-factors, two carefully controlled

chambers are placed in thermal communication via an insulating wall as described in ASTM

standard C1363.26 This wall can then be replaced in part by a material or material stack (such as a

double pane window with full frame element) and affixed with thermocouples on both sides and a

metering box on the "internal room temperature" side. This setup can measure surface

temperatures and heat flux across the tested material. These test setups require careful construction

and calibration to provide accurate, reliable results. To meet NFRC standards, setups where the

standard figures of merit are measured and reported must be certified to ensure accuracy. It is

common practice for new window designs and technologies to work with simulations and center-
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of-glazing tests at unofficial measuring sites before measuring the full U-factor performance. Other

standards, such as ASTM C177 27describing a guarded hot plate apparatus, can provide a smaller-

scale platform to test the performance for new materials to approximate full-scale.

Several figures of merit, such as visible or solar transmittance, can be measured at the center-

of-glazing easily and inexpensively on small to large samples or prototypes. These values are often

measured directly throughout the development process.

It is important to note that figures of merit only provide a quantifiable standard for comparison,

and do not represent the complete list of performance requirements for energy efficient windows.

Varied applications may require other properties such as visual aesthetics (coloring, reflectivity,

clarity), cost (both upfront cost and time to payback over other products), and durability (life of

the window, total energy or cost savings for expected performance lifetime). In this chapter, we

focus on the figures of merit to compare state-of-the-art and traditional design strategies that exist

at various stages of product development.

Well-established figures of merit provide us with a standard basis for comparing performance

of our windows. This becomes especially useful when considering the variety of climate,

occupancy, and usage characteristics of the buildings around the world. Whether we are comparing

the needs of a home to those of an office building across the street, or an arctic survey station to a

tropical hotel, the metrics that are used to select windows must be adaptable.

Figure 5 shows the distribution of residential ENERGY STAR qualified windows based on

regional climate in the United States. Differences in the U-factor and SHGC limits (particularly

the switching inequalities for heating versus cooling dominated regions) illustrate the importance

of prescribing a window's optical and thermal performance to meet energy standards. By

quantifying the limits of heat transfer (U-factor) and solar energy transmission (SHGC)

independently, homes in both hot and cold climates can use these figures of merit to ensure they

meet minimum energy efficiency standards unique to their location.
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Figure 5. ENERGY STAR performance criteria for residential windows based on climate zone in the United
States.2 Note that for heating-dominated climates (Northern) SHGC limits are forced to be greater than 0.32,
but for cooling-dominated climates (Southern) the SHGC must be kept below 0.25. This illustrates the diverse
use of figures of merit to optimize performance for various application needs.

In order to use the previously defined figures of merit to effectively guide window design, it is

important to understand fundamentals of heat and light transfer through the window in order to

control overall performance. Even in the most common installed window products (double-pane

windows in which two panes of glass are separated by a spacer and insulated with a gas) it is non-

obvious what combination of VT, SHGC, and U-factor is optimal. Table 1 shows typical values

for common double-pane windows installed in various climates and occupancy types. The

differences in light and heat transfer through the window illustrate the variations based on climate.

Table 1. Examples of typical performance values for double-pane, casement windows for residential buildings
in various climate zones within the United States.

' '

Window Description

Style: double-pane

casement

Frame: aluminum &

wood

Gas fill: 90% argon,

10% air

Climate Region Glass

Thickness

U-factor CR SHGC VT

Southern 3 mm 0.35 48 0.24 0.17

3 mm 0.32 52 0.25 0.43

Northern 6 mm 0.28 42 0.27 0.41

6 mm 0.28 41 0.37 0.46

North-Central 6 mm 0.29 41 0.17 0.36

3 mm 0.29 41 0.35 0.46

South-Central 6 mm

3 mm

0.28

0.28

42

41

0.17

0.42

0.36

0.24
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2.3 HEAT TRANSFER THROUGH WINDOWS

Windows fulfill their various functions - including thermal comfort, daylighting, UV

protection, and visual experience - by controlling various transport pathways. The assembly and

characteristics of different window components are designed to minimize electricity consumed by

HVAC and artificial lighting, diminish UV exposure, and provide a clear view of the outdoors.

These objectives are accomplished by controlling the transmission in the solar spectrum -

including in the UV, visible and near-infrared, thermal radiation in the mid-infrared, as well as

minimizing heat transfer through conduction and convection. As shown in Figure 6a, a typical

double glazed window unit comprising two panes of glass, separated by a gap and supported by a

frame, acts as an optical and thermal barrier between the outdoor ambient environment and indoor

room-temperature surroundings.

Energy transport between the indoor and outdoor happens through all three modes of heat

transfer - radiation, conduction and convection - all of which can be significant. Figure 6b shows

different heat transfer pathways using a simplified thermal resistance network. These include the

radiative transfer of solar energy and blackbody radiation emitted by the surroundings, conduction

through the glass panes, filler material and frame, and convection in the fluid medium outside and

within the spacer layer. Energy efficient windows are designed to maximize the thermal resistance

of the window envelope to minimize heat losses and thermally decouple the indoor from outdoor.

When all modes of heat transfer are well-controlled, thermal comfort is maximized and energy

costs for building HVAC are minimized. This section looks at each of the above mentioned

transport mechanisms and how they can be tuned to achieve the desired window performance.
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Figure 6. (a) Diagram showing different thermal transport contributions for a typical double-pane window. (b)
Simplified thermal resistance network showing the interaction of different heat transfer pathways."

2.3.1 Radiation

Radiative transfer is the primary mode of optical and thermal transport, and is central to the

purpose of a window. Depending on the window configuration and climate, radiation is potentially

the dominant heat transfer mechanism, and is consequently the focus of most strategies used to

control heat transfer.

Radiative transport through a window is regulated by altering the spectral transmittance of the

center-of-glazing. Figure 7 presents the different wavelength-dependent factors that need to be

considered to achieve optimal radiative control. First and foremost, a glazing unit needs to be

transparent in the visible wavelengths (400-700 nm) that provides daylighting and clear visual

access. This not only necessitates a relatively high visible transmittance (typically 0.5-0.9)5 to

reduce electric lighting costs, but also requires a relatively uniform transmittance in the visible

spectral band - where the human eye is sensitive - to minimize coloration of transmitted light and

haziness."" In addition to controlling radiation at visible wavelengths, windows also need to
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control solar radiation in other wavelength bands as well, including UV and near-infrared (near-

IR). The ozone layer blocks 97-99% of the UV radiation, which is comprised of UVA, UVB and

UVC radiation This includes practically all of the harmful UVC radiation (100-280 nm) and most

of the skin-burn-causing UVB radiation (280-315 nm) radiation (which is blocked by glass).

However, 50% of the UVA radiation (315-400 nm) can still be transmitted through windows (if

not blocked using coatings or chemical absorbers) and can cause material degradation as well as

skin ailments upon long exposure. 33

While UV is confined to a narrow spectral region, the near-IR (0.7-3 pm) comprises the largest

spectral range of incoming solar radiation and is an important regime for thermal management and

energy efficiency of windows. In order to reduce the cooling load in a warm climate, it is desirable

to reject all near-IR solar radiation. Similarly, in order to reduce the heating load in a cold climate,

it is desirable to allow near-IR solar radiation transmission. Finally, in order to thermally insulate

the indoor environment and minimize radiation transfer between room-temperature objects and

ambient-temperature outdoors, most-energy efficient windows are made reflecting in the mid-IR

wavelength range (3-40 pm).

ir
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Figure 7. Ideal spectral transmittance for glazings in warm and cold climates.3 4 3 Spectral distribution of
human eye response, solar spectrum and blackbody radiation at 25 °C also shown for reference.
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The desired radiative properties of glazing systems, described above, are typically achieved

using spectrally-selective coatings applied on one or multiple clear glass panes (that are transparent

in the visible and near-IR and emissive in mid-IR). Figure 8 plots the variation in SHGC and U-

values when glazing surface emissivity and solar transmittance is varied - typically achieved using

low-e coatings and tints (discussed in detail in Section 2.4.2).' While the infrared emissivity

dictates the heat transfer between indoor and outdoor - a lower & resulting in a lower U-value, the

solar transmittance determines the SHGC - a lower Tsoi resulting in a lower SHGC. Even though

we vary the surface emissivity and glass transmittance independently in this analysis, in reality

glazing treatments (including varying number of layers, type of glass, tints, and low-e coatings)

will vary both these properties simultaneously and affect the U-value as well as SHGC. The results

shown in Figure 8 provide a range of expected performance variation for different configurations.

The ultimate choice of glazing depends upon the climate and a wide range of practical

considerations including durability, weight, and cost.
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Figure 8. Plot showing the effect of changing center-of-glazing emissivity and solar transmittance on the U-
value and Solar Heat Gain Coefficient (SHGC) of single-, double- and triple-pane windows. The blue symbols
represent the effect of low-e coatings - when the emissivity of the inner surfaces of glazings (surface #2 for
single-pane, surface #3 for double-pane and surfaces #3 and #5 for triple-pane) change to 0.85, 0.65, 0.45, 0.25
and 0.05 (top to bottom). The red symbols represent the effect of glazing solar transmittance (Toi, assumed
equal to Tvb for this analysis) changing to 0.65, 0.45, 0.25 and 0.05 (right to left). WINDOW 736 was used to
model the performance, assuming standard NFRC 100-2010 environmental conditions, generic clear glass
panes and air-filled gaps; all parameters other than those mentioned above were unchanged.
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2.3.2 Conduction

Once the radiative transport is regulated using the strategies described above, conduction

becomes the dominant heat loss mechanism in a window. Heat conduction pathways include heat

transfer through the center-of-glazing, spacers, and frame. The thermal resistance of these elements

is often in parallel with each other, making it crucial to minimize the conductance of all elements

proportionally to prevent thermal shorts through the window.

The primary method of minimizing heat transfer through the center-of-glazing relies on the

use of low-thermal conductivity gas fills. This is primarily because glass panes offer low

conduction resistance in comparison to an air gap - the thermal conductivity of glass is about 40x

that of stagnant air - so there is little benefit of increasing glass thickness which adds weight and

cost without thermal benefit. Figure 9 shows the effect of thermal conductivity of the gap layer on

the center-of-glazing U-value for a window for different mid-IR emissivity. We note that the effect

of thermal conductance of the fill layer is more pronounced when low-e coatings are used, which

increases the relative contribution of conduction in comparison to radiation. Furthermore, the

reduction in U-value is the greatest at sufficiently-low gap thermal conductance which can be

achieved by evacuating the cavity or using super-insulating fillers such as aerogel (see Section

2.4.4). While the plot shows U-value at a fixed thickness for simplicity, the optimal gap spacing

varies for different gases with different thermal conductivity and viscosity to minimize convective

currents (discussed in Section 2.4.1). In the extreme case, the gas fill and corresponding conductive

transport is almost entirely eliminated by using vacuum-insulated units that maintain a gap spacing

as small as practically possible.

Window spacers and frames are essential elements of a glazing unit that maintain a fixed gap

spacing between glass panes and hold the insulated glass unit (IGU) assembly in place, and also

impact the thermal performance. While spacers between two panes may serve several purposes

including accommodating temperature- and pressure-induced stresses and serving as a gas and

moisture barrier, from a heat transfer perspective it serves as a thermal bridge which ideally

reduces the overall U-value of the IGU to below its center-of-glazing value. The two primary

strategies to minimize this heat loss include: (1) using spacer materials that are thermally less

conductive (e.g. silicone instead of aluminum) and (2) spacer designs that reduce the effective heat

transfer area by using innovative designs. These two strategies are also useful in minimizing heat
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transfer through the frame through the choice of low thermal conductivity materials (such as wood

and vinyl) instead of high-thermal conductivity metal frames, and using frame designs that have

thermal breaks that minimize heat conduction between the IGU and its surroundings.
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Figure 9. Plot showing how double-pane center-of-glazing U-value varies with changing thermal conductivity
of thefill layer (thickness = 12 mm), with and without low-e coating (e = 0.05) on internal surface of the inner
pane (surface #3). The U-values for single-pane window, as well as thermal conductivity of air, argon and
krypton are also shown for reference. WINDOW 736 was used for this analysis, assuming standard NFRC 100-
2010 environmental conditions and generic clear glass panes.

2.3.3 Convection

Convective transport is not only responsible for heat transfer from the outside ambient indoor

and indoor room environment, but also for heat transfer within enclosed IGUs. While the outdoor

and indoor convective heat transfer coefficients depend on surrounding temperature and wind

velocity, the natural convection within the window cavity is dependent on the window geometry,

fill properties, and temperature difference. While an optimal gas-filled IGU is designed to operate

in the conduction regime where there are no convection currents and heat loss is minimum, that is

sometimes not the case when the Rayleigh number, a dimensionless number associated with

buoyancy-driven flow, is above a critical value.3 7- 39 Specifically, for a given fill gas, when the gap

thickness is large and/or the temperature gradient between two panes becomes large, secondary
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flow patterns emerge that transition the heat transfer from a conduction-dominant regime to

multicellular flow regime corresponding to a higher average Nusselt number. It has been shown

that the velocity profile due to natural convection within a window not only depends on the aspect

ratio of the window and boundary temperature, but also the fill gas properties and the number of

panes in the window.4 0

2.4 WINDOW TECHNOLOGIES & DESIGNS

Design strategies and technologies used in transparent energy efficient window products must

address a wide range of challenges associated with the complex thermal transport while still

remaining visually clear. This has led to much interest in the research and development fields on

advancing all aspects of window performance as much as possible. Here we provide an overview

of prior works and ongoing works to improve various elements of windows for transparent, energy

efficient products.

The primary focus of energy-efficient window development has targeted the center-of-glazing.

By area, the center-of-glazing represents the most dominant part of the window and, therefore,

also has the most influence on total window performance. Many strategies for controlling these

properties are required to meet the diverse needs of windows. The assembly and characteristics of

different window components are designed to minimize electricity consumed by HVAC and

artificial lighting, diminish UV exposure, and provide a clear view of the outdoors. These

objectives are accomplished by controlling the transmission in the solar spectrum - including in

the UV, visible and near-infrared, thermal radiation in the mid-infrared, as well as minimizing heat

transfer through conduction and convection. When all modes of heat transfer are well-controlled,

thermal comfort is maximized and energy costs for building HVAC are minimized.

Design strategies and technologies used in transparent energy efficient window products must

address a wide range of challenges associated with the complex thermal transport while still

remaining visually clear. The primary focus of window development has targeted the center-of-

glazing, which is the dominant window element for performance. Traditional center-of-glazing

elements are transparent, affordable, and ubiquitous, requiring research efforts to at least match

their performance to be competitive.

However, the necessity of being visibly clear means that the array of materials available for

good energy performance is limited. In particular, the traditional elements require high energy
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intensity for manufacturing, highly-processed materials and structures, as well as high volumes.

Even high-performance windows often times come with greenhouse gas (GHG) and lifecycle

challenges that make them the less-sustainable choice. 4 1 This is why windows represent the second

highest embodied energy of a residential building, despite the fact that windows often represent

less than 15% of total wall area.4 2 Here we present and evaluate the technical approach and

sustainability challenges associated with energy efficient glazings.

2.4.1 Gas-Fills

The first insulated glass units relied on an air gap to provide insulation between panes due to

its ubiquity and relatively low thermal conductivity (approximately 0.026 W/mK at room

temperature and pressure).43 However, with the advent of low-e coatings for radiation control and

overall better performing window systems, conduction and natural convection within the gaps of

multi-pane windows has become a dominant mode of heat transfer. This has led to the use of more

exotic gases within IGU layers.

The most common gas used is argon, but krypton and xenon are also used in high performance

windows for their low thermal conductivities.5 Mixtures of air and various noble gases are also

used to optimize the cost and performance. To balance the trade-off between convection and

conduction, each gas will have a different optimum gap thickness in order to achieve the lowest

total U-factor. This leads to a variety of window thicknesses and sealing strategies depending on

the amount and type of gas or gas mixture used in the gap.

Table 2. Comparison of common gas-fills and their associated design properties for increased center-of-
glazing thermal performance for use with plain glass (no coatings).4 44

Gas Thermal Gap Thickness GHG emissions

Conductivity

Air 26 mW/m2K 20 mm -

Argon 18 mW/m2 K 16 mm 95 kg

Krypton 9.5 mW/m 2K 12 mm 210 kg

Xenon 5.5 mW/m2K 8 mm 1100 kg

While gas-fills offer an easily-adapted insulating strategy, the limitations on thickness and the

high cost of embodied energy quickly reduce the GHG savings. For example, krypton is twice as

insulating as argon, yet the ideal gap thickness combined with a much larger embodied energy
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means that in application krypton windows result in more GHG emissions than argon windows. If

we also consider the ubiquity of argon is 1000 times higher, it becomes clear that the limitations

of gas-fills are very real. Other gases have trouble with degradation of the glazing, sealing issues,

or cost. Industry has chosen to stay with dry air and argon, and this has yielded the most affordable

and sustainable products to-date.

2.4.2 Low Emissivity Coatings

Emissivity controlling films and coatings are the most ubiquitous materials used in windows

besides glass panes. These low emissivity (low-e) coating suppress the radiative heat transfer

between a window pane and its surroundings by reflecting the incident infrared radiation.

Typically, the low-e coating is applied on the inside surface of the outer pane in a double pane

window. The low-e material is typically applied to a window pane as a multi-layer coating by

chemical vapor deposition (CVD), magnetron sputtering, or a self-applicable adhesive film. The

common composition of the low-e coating includes transparent conducting oxides (TCOs), such

as indium tin oxide (ITO) and fluorine-doped tin oxide (FTO), and ultrathin metal (silver, copper,

and gold) sandwiched between dielectric layers.45 7 The TCO coating is usually incorporated in

the glass making process and referred to as a hard coating. Ultrathin metal coating is applied after

the glass is hardened and hence referred to as a soft coating. While soft coatings usually have

higher performance, hard coatings are more robust in terms of mechanical strength. However, both

of these coating types have already achieved very low emissivity values (~0.01) and further

reducing the emissivity only has a small marginal benefit.
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Figure 10. (a) Cross-sectional high resolution TEM of a TiO 2/Cu/TiO2low-e coating.46 (b) Transmittance and
reflectance spectrum of an AIN/Ag/AiN low-e coating with high visible transmittance (82%) and low infrared
emittance (8%).48
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When considering the sustainability of such coatings, it is important to consider the impact of

processing and lifetime performance. Hard coatings often require more upfront processing energy,

such as Pilkington's pyrolytic coatings that cure in excess of 400°C, but have higher stability and

longer lifetimes. 49 Comparatively, the thinner and more delicate soft coatings can degrade with

exposure to environmental conditions. These soft coatings often have to be sealed in a full window

within 6 months of initial fabrication, or efficacy will be greatly reduced. This often leads to hard

coatings employed for commercial buildings, where size and lifetime limitations outweigh upfront

costs compared to soft coatings. In residential buildings where window areas a smaller and

performance is dominated by framing elements, soft coatings are more economically favorable.

With either coating, it has been found that for the majority of applications only a single coated

surface leads to the greatest gain of sustainability. Additional coatings provide thermal comfort

but the added cost, energy to produce, and diminished returns leave the GHG higher than the

single-coated counterparts.

2.4.3 Vacuum Insulated Glazings

Vacuum Insulated Glazings (VIGs) use a reduced-pressure air gap (typically 0.1MPa or lower)

to drastically reduce conduction and convection in the center-of-glazing element. When combined

with radiation control, these windows can have U-factors that are an order of magnitude lower

than traditional double and triple pane windows."

However, there are many challenges to achieving this performance in a full, durable window

design. The biggest challenges are the support array needed to keep the glazings separated, and the

edge seal that must maintain internal pressures over the window lifetime. 52 Current research

focuses on making the spacer arrays less visible than traditional metal elements while still

maintaining robust mechanical performance. 5 3 Other groups have looked at using individually

sealed glass tubes to mitigate seal failure.54 However, most of the advancements in this area are

being done in the commercial sector, particularly focused on developing better edge seals and

advancing spacer arrays to support large area windows.

The largest sustainability challenge with VIGs rests on their very short lifetimes, and limited

areas. The complexity of sealing glass at a low pressure requires a nearly perfect, high cost process.

More than 25 years of development on VIGs have yet to result in a guarantee that even at small

scale these seals will last more than 5 years. The resultant windows suffer from a cost 10 times
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higher than comparable triple-panes, and with a greatly reduced lifetime. Cost-prohibitive adoption

aside, these windows cannot recoup the energy and materials costs embodied in the end-product.

2.4.4 Transparent Aerogels

Aerogels are a unique class of highly nanoporous materials that can have a variety interesting

properties based on the composition and structure of their solid backbones." In particular, silica

aerogel has been of interest as a super-insulating material for windows due to its high solar and

visible transmittance as well as its low thermal conductivity (Figure 11a and b).5 6 -6' Additionally,

the use of ultra-low conductivity solids to replace traditional air gaps also enables these windows

to utilize reduced pressure to increase performance even further.5 9 In fact, several commercial

products exist that utilize granular aerogel infused windows for diffuse lighting (Figure 11c). 62 ,63

However, prior works fail to achieve high enough transparency to be integrated into a window

design that can optically compare to traditional window products.64-67 Several variations of

translucent silica aerogel windows have been proposed. 60,68- 70 71 For example, Duer and Svendsen

proposed a sealed double pane aerogel window featuring a monolith, which featured very low

thermal conductivity but could only achieve up to 74% visible transparency. 68 Similarly, Wittwer

reports optical transparency of 77% and indicates that it is more practical to focus on granular

windows for such translucent aerogels. 69 While some later works have achieved higher

transparency, such as Venkateswara Rao et a1 72 (85%), the limitations of optical performance have

been a barrier to truly transparent windows (T > 90%).
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Figure 11. (a) An evacuated monolithic aerogel glazing in a well-insulated frame. The view through shows no

distortion of the image but a slightly haziness can be observed. (b) Tiled monolithic aerogel glazing sandwiched

between two glass panes. (c) Double pane window units filled with granular aerogel: (left) empty reference,

(middle) 3-5 mm granular particle, (right) 0.5 mm granular particle. (d) High-transparency aerogel sample in

comparison with a single pane glass. (e) Haze and total visible transmittance of transparent monolithic aerogel

samples previously reported. Solid lines are the model predictions for different scattering asymmetric factor g

(0, isotropic; >0, forward) and single scattering albedo (o (1, pure scattering; <1, including absorption).

Performance of a single-pane glass is indicated by the green shaded area. Granular samples have much lower

transmittance and haze, hence are out of the plotted range. Figures reproduced with permission: (a) from[59

(b) from [60], (c) from [63], and (d, e) from [73].

Other nanoporous materials are also being studied and developed for incorporation into

high-performance glazing, such as hybrid structures and polymer aerogel-like materials. 7475

However, these materials often face challenges in achieving low thermal conductivity due to high

solid backbone heat conduction, and/or undesirable optical effects (often scattering that creates a

hazy appearance) caused by mesoporous feature sizes. These materials have not yet demonstrated

acceptable performance at lab-scale, and therefore their feasibility for mass production is still

unknown.
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2.5 SUMMARY

Windows are the primary source of energy loss in building envelopes. In this chapter, we

compared the thermal performance of existing and state-of-the-art window technologies by using

industry-established figures of merit for quantifying window performance in a variety of climates

and applications:

• U-factor: measure of thermal transfer through material(s) normalized by envelope area

and temperature difference.

• Condensation Resistance (CR): measure of the area-averaged resistance to condensation

forming on a window or window system used to quantify localized temperature peaks.

• Solar Heat Gain Coefficient (SHGC): measure of the fraction of solar energy that enters a

building through a window or window system through direct transmission or absorption

and re-emission.

• Visible Transmittance (VT): measure of the fraction of total solar light within the visible

spectrum that is transmitted through a window or window system.

We provide an overview of the heat transport mechanisms that include radiation in different

wavelength ranges, conduction through the center-of-glass, and convection outside and inside the

window panes. We discuss designs and technologies that address radiative, convective, and/or

conductive heat transfer using a variety of approaches, such as glass coatings, active transmittance

control, noble gas fills, and the current role of silica aerogels.

The center-of-glazing of windows is the key element for optimal optical and thermal

properties, but many strategies are required to meet the diverse needs of windows. Therefore,

coating technologies are being developed to tailor the radiative properties of windows. However,

the selection of windows will always require a combination of strategies in order to meet the

optimal price and performance balance. Successful application of window designs requires an in-

depth understanding of both fundamental heat transfer and the needs of our buildings. The state-

of-the-art windows reviewed here all focus on bringing the next level of thermal performance to

our buildings to solve our needs, but it is the cost-effective and scalable solutions that will truly

have the largest impact on our building energy consumption and occupant comfort.
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Chapter 3

3. Achieving Transparent Aerogels

Silica aerogel has a history dating back to its discovery in 1931 by Dr. Samuel Stephens Kistler.

Since then, this class of nanoporous glass has been studied extensively and applied in many uses,

ranging from the collection of comet dust in space, to radiators for detector systems in fundamental

physics experiments, to pipe insulation in harsh environments. 7 6 It is the highly porous,

interconnected particle structure that allows silica aerogel to have a unique blend of properties

such as ultra-low thermal conductivity (15 mW/mK), high solar transmittance (>90%), low density

(50-250 kg/m3), and thermal stability (up to 800 C). This has led to extensive prior works to

study the synthesis, structure, and properties, particularly the optical and thermal transport through

the material.7 7

Despite this development and study by many, application as a truly transparent insulator has

eluded aerogel because of the limitations on visual performance. Silica aerogels are super-

insulating, lightweight, thermally stable, highly-functional materials, but without transparency

their cost-effectiveness has limited application to niche areas. It is the promised combination of

super-insulating and high-clarity that has made silica aerogels an area of interest in the built

environment for decades. Therefore, to open up the huge potential energy impact silica aerogels

could have in buildings, it is necessary to first achieve high-clarity aerogels.

3.1 FUNDAMENTAL PRINCIPLES OF TRANSPARENT AEROGELS

The process to achieve high-clarity aerogels must begin with an intimate understanding of the

aerogel structure and the propagation of light, particularly visible light, through the bulk material.

Figure 12 shows the full optical spectrum of a silica aerogel sample (4 mm thick) compared to the

AMI.5 solar spectrum. From prior works of the structural and optical properties, the propagation

of electromagnetic radiation through can be divided into two distinct loss regimes. 19' 78 7 9 For

wavelengths larger than 1000 nm, absorption is the dominant transmission loss mechanism.

Absorption occurs when an incident photon is absorbed and its energy is converted to another

form, often to heat.80 in the wavelength range of 250-1000 nm, the dominate loss mechanism is

caused by isotropic scattering. Light scattering is the mechanism by which a path of light is

affected by a change in refractive index.81 In an aerogel, this is caused by the difference in the
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index of refraction between the silica particles and the pores. At smaller wavelengths, as the

average distance between interfaces (particle backbone and void interfaces) becomes closer in size

to the propagating wavelength, the intensity of scattering increases. In traditional aerogels, this

scattering leads to a bluish coloration (similar to atmospheric scattering that causes a blue sky)

with an intensity that is approximately proportional to pore size.

a)
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Figure 12: a) Image and structural representation of an optically transparent silica aerogel fabricated with
solar transparency >97%. Small primary silica particles (<1 nm diameter) aggregate together to form larger
secondary silica particles (-2 nm diameter). These secondary particles bond together to form an interconnected
necklace structure that supports a highly mesoporous network. b) SEM image showing the interconnected
structure. Pore sizes vary greatly in the material, but mean pore size is ~ 10 nm. c) Transmission spectra of a 4
mm transparent aerogel sample compared to the AM1.5 solar spectrum.

This transport of light through the aerogel as a participating medium can be described via the

1-D Radiative Transfer Equation. In this model, the aerogel is treated as a homogeneous absorbing and

scattering medium, allowing us to use the 1-D azimuthal symmetric Radiative Transfer Equation to describe

the radiation intensity as a function of polar angle and spatial position2

p A ( 8 'Z , = -I + f I p')dp'P '8 (1)
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where p = cos(0) is the cosine of the polar angle with respect to the incident direction. =# is the

optical depth where& #,is the extinction coefficient and x is the spatial coordinate along the incident

direction (0 < x <t, t is the sample thickness). w is the scattering albedo (0 < co<1). Wavelength

dependent quantities are indicated by subscript k in Eq. (1).

This modeling approach provides a quantitative measure of the likelihood that an incident

photon is scattered, described by the intrinsic property known as the scattering coefficient, s..19

Similarly, during the same calculation the absorption coefficient, aa, can be found. The following

relationships can be used to calculate these optical coefficients as

or, = (1 - co) p
o = COP

By characterizing the scattering and absorption coefficients, density, and thickness of the aerogel,

the effective optical scattering radius can be calculated and used to describe the optical scattering

of the material.' 9 Using the Rayleigh scattering model, a monodisperse effective scattering

diameter can be defined which represents a structure with equivalent transparency behavior of the

aerogel, defined as

d 3  2 (2)
414 Pap n2_1

PSi02 (n2+2)

where b is a data fitting parameter from the scattering coefficient over 250-1000 nm, pap and psio2

are the apparent density of the aerogel and the density of the silica, respectively, and n is the

refractive index of silica.19 From this equation, we find that the scattering coefficient has a cubic

dependence on the average chord length between the silica backbone and void interfaces. This

means that high transparency aerogel that require low scattering losses must have sufficiently small

features (relative to the wavelength of interest). In prior works, pores are significantly larger than

particle or particle aggregation sizes, meaning the pore size has the largest chord length and

therefore the most significant contribution to transmission losses. Therefore, synthesizing aerogels

with smaller pore sizes will have the largest impact on increasing aerogel clarity.
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3.1.1 Silica Aerogel Synthesis

Silica aerogels are traditionally made via solution-gelation chemistry, in which a

chemical reaction of a solution causes formation of a solid gel consisting of a 3-dimensional

interconnected network. This solution self-assembles into a gel with a uniform porous structure

supported by a sparse particle network. There are many methods of forming silica gel using a

variety of chemicals and steps, but generally a silane precursor is reacted to form silica

nanoparticles in a disperse network (see Figure 13).83 Regardless of the gelled structure or how it

was obtained, the next step is to dry the material by removing the liquid from within the voids.

However, traditional drying techniques like evaporation create surface tension forces within the

pore structure. The aerogel structure is weak due to the small amount of solid material, and the

force of surface tension in pores at the nanometer scale (reaching MPa) can easily deform and/or

destroy the structure. Because the material properties are highly dependent on pore size, even

small amounts of damage to the structure can greatly affect performance. The typical structure of

a dried aerogel is shown in Figure 13 via scanning electron microscope and tunneling electron

microscope image.

a)n

Figure 13. Scanning electron (a) and tunneling electron (b) microscopic imaging of silica aerogel. Resolution
is limited by the insulating nature of silica but shows the basic structural features that form during solution-
gelation.

The primary approach to dry the gel while avoiding damage to the structure is to remove the

liquid inside of the pores without creating a liquid-gas interface. One method often used is freeze-

drying, in which the liquid is rapidly cooled to the point of solidification and then sublimated out

of the structure. 77 These are often referred to as cryogels. However, the small feature size and high

thermal resistance often makes the solidification step challenging and results in a granular aerogel.
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Recent works have achieved some monoliths, but only in small form-factors and with transparency

< 50%.84

The most common method used is critical point drying, in which the liquid inside the aerogel

is brought above the critical point, a liquid-specific temperature and pressure above which the

liquid and gas phases become indistinguishable and there is no surface tension force. Transitioning

from the liquid to this critical point phase, and then from the critical point to gas phase, avoids the

formation of stresses that destroy the structure. With this method, the resultant material can be

virtually unchanged by the drying step. Carbon dioxide has a very favorable critical point

temperature (31 °C) and has few hazards associated with its use. Methanol, ethanol, and various

other liquids have also been used for critical point drying, but their cost and flammability can be

prohibitive at larger scale production of samples compared to carbon dioxide.

After the solvent is extracted from the wet gels, they are fully-formed aerogels (alternatively

called cryogels if freeze-dried, or ambigels/xerogels if drying is performed at or near ambient

pressures). Post-synthesis treatments such as annealing or surface modifications can be used to

alter the aerogels, but generally the process is complete after drying.

3.1.2 Transparent Aerogel Synthesis

Each of the steps needed to create a silica aerogel (solution-gelation, critical point drying) have

a large, direct impact on the final aerogel product and its optical properties. There are many

variations, combinations, and extensive prior works on how the chemicals and process used can

impact the resultant aerogel properties, particularly density and spectral transmittance. Several

studies have examined the effect of the sol-gel synthesis process on the final structure of aerogel ,

including investigation of different chemical precursors8 5'86, different aging conditions 87 , and

varied drying conditions8 8 '89 to control the pore and particle networks. Others have investigated

how the variations in the structure (pore size, particle size, density) relate to variations in the

properties of interest, such as optical and thermal transmission. 16,90,17,9 1 Yet all of these prior works

have failed to produce aerogels of high enough optical quality to meet the needs for application to

transparent windows.

The achievement of high-clarity aerogel in this work was enabled by the numerous prior

works and understandings developed over the best 50 years and guided by the optical model

presented by Zhao et all'8 1 9. We began by selecting a simple one-step solution-gelation
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chemistry. This had been shown by prior works in Tabata et a18 9 and Adachi et al" to have a

very low index of refraction and high visible transmittance. It also offered a more direct step to

achieving wet gel materials that could be dried in the same manner to reduce the amount of

variables changing between batches of samples. As described above, other methods offered a

greater degree of control, but subsequent steps created more opportunities for variation between

batches, and the optical modeling predicted that a small change in nanostructure (0.5 nm

difference in average size) would have a significant impact on the optical clarity.

We therefore chose to work with a silane precursor reaction with water, catalyzed by

ammonia and diluted using methanol. After gelation the wet gels could either be dried directly

using carbon dioxide critical point drying or first be put through a variety of treatments, aging,

surface modifications, etc. in order to make finite, controlled changes to the nanostructure. The

drying process itself could also be modified to accommodate different conditions or wet gel form

factors (e.g. the difference in pressure and flow rate for a thin sheet compared to a square-like

sample can be significant). The core steps of synthesis are outlined in Figure 14.

Silane water

Methanol Ammonia Temperature > 31 °C
Pressure > 1100 psi

Solution Mixing Gelation Critical Point Drying
Mix chemicals and pour into Seal chemical reaction and Exchange solvent with liquid C02 in
sheets allow mixture to solidify into pressure chamber and extract

wet gel via liquid-supercritical-gas phase
transitions

Figure 14. Aerogel production, consisting of measuring and mixing chemicals, which are then poured into
sheets for gelation. These sheets form a wet gel. Finally, this wet gel is dried via critical point drying.

The method selected for synthesizing transparent aerogels within this work was done by sol-

gel polymerization of a silicate precursor such as tetramethyl orthosilicate (TMOS, 131903, Sigma

Aldrich) or Methyl Silicate 51 (MS-51, CAS#12002-26-5, Austin Chemical Company). An

ammonia solution (NH3, 2.OM in methanol, 341428, Sigma Aldrich) was used as a catalyst to

promote both hydrolysis and condensation reactions. Reactants were diluted by methanol (MeOH,

322415, Sigma Aldrich) followed by addition of NH3 and water. The mixing molar ratio of

chemicals varied among recipes, as is discussed later in Section 3.2.2 After gelation and varied

aging times (ranging from 1-14 days), the sol-gels were removed from molding containers and the
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mother solvent was replaced with ethanol (EtOH, 89234-848, VWR) to be prepared for critical

point drying (CPD, model 931, Tousimis) as EtOH is miscible with liquid C02.

Generally, this process yielded high transparency monoliths (visible transmittance > 94%) that

exceeds prior works (see Figure 15). However, the fragile nature of silica aerogel monoliths makes

them easy to damage, break, or scuff, which often results in inaccuracies when measuring visible

transmittance. This proved a significant challenge to refining the optical clarity if we relied only

on measurements from a spectrophotometer. Additionally, misalignment during measurements

and changes to lab conditions (such as humidity) also caused changes to the optical properties that

were not a result of changes to the recipe or synthesis process. Efficient optimization of the

transparent aerogel recipe therefore requires a more fundamental understanding of the structural

features.

(a) (b)

yTMECMI

Figure 15. (a) Highly transparent monolithic silica aerogel sample fabricated in the Device Research
Laboratory. (b) Image of commercially available silica aerogel.9 2

We knew from the requirements of the window application space that we needed to achieve

higher transparency (-98%), and we also knew from the model presented in Zhao et al' 19 that

this required smaller feature sizes within the nanostructure. But without a clear understanding of

how the nanostructure was changing between samples it was challenging to identify which

factors within the aerogel synthesis were improving the optical clarity, let alone to what degree.

We therefore needed to develop on understanding of the relationship between synthesis, resultant

structure, and visible performance before we could methodically optimize the aerogel for

application.
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3.2 STRUCTURAL CHARACTERIZATION OF TRANSPARENT AND

INSULATING AEROGELS

The ultra-nanoporous structure of silica aerogel enables both low thermal conductivity and

high transparency, but achieving transparency comparable to glass while maintaining super-

insulating properties is not trivial. The aerogel structure consists of a cross-linked silica particle

backbone supporting a highly mesoporous (2-50 nm) network comprised of aggregated

particles. 2 1 3These small feature sizes of the particles and pores allow the transmission of visible;

the only barrier to transmission through the structure is the refractive index difference between the

aerogel backbone (silica particles) and air. However by fabricating aerogels with very small pore

and particle sizes (less than 10 nm diameter average), almost all of the visible spectrum can be

transmitted. 16-19 Prior works have already established a strong correlation between the average

structural scattering size (often approximated as an effective pore diameter) and both visible

transmittance and haze.' 8' 7 8

3.2.1 Small Angle X-ray Scattering of Aerogels

To accurately and repeatedly probe the structure of the transparent aerogels, we chose to use a

well-understood and non-destructive method called small angle x-ray scattering (SAXS). Small

angle scattering is the use of either neutrons or electrons to probe small feature sizes within a

material via deflection of a collimated source. While each source type (neutrons or electrons) can

operate over range of conditions, the principles of scattering and data processing are similar.93 For

study of our transparent silica aerogel, small angle x-ray scattering (SAXS) was used to investigate

the nanometer-scale porous structure. A Cu-k-alpha x-ray source was used to direct highly

collimated electrons at a thin (2-10 mm) sample of aerogel. The electrons were scattered by the

sample and a photon detector collected a 2D pattern of the forward-scattered electrons over an

optimized duration of time. The x-y position of each scattered photon that is collected on the

detector is related to the scattering angle by the sample-to-detector distance via the scattering

vector, which is defined as

Q = sin(6) (3)

The number of photons collected at a particular detector position is related to the relative

frequency of occurrence of a particular material feature length. 94 Because aerogel is isotropic, we
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see that the scattering vector does not vary circumferentially and we can integrate the data at each

radius to further reduce data noise. We can plot this integrated photon intensity vs the scattering

vector as shown in Figure 16 to obtain the key SAXS plot that allows for analysis of the structure. 95
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Figure 16: Typical silica aerogel scattering pattern. By assuming spherical, disperse scatters we can make
approximations about pore and particle sizes, as well as the interconnectivity of the structural network.

As seen graphically in Figure 16we can separate the intensity,1, into its components in the

form of

1 (Q) = (Pp - Ps) 2 
OPpVP P(Q) S(Q) (4)

where pp - ps is the difference in density of the scatterers and the medium, <p is the concentration

of scatters, V, is the shape of the scatterer/scattering center, P is the form factor, and S is the

structure factor. The difference in densities, or scattering length density, represents the refractive

index difference of the pores and particles related to how the x-rays are scattered. Because this

quantity is a difference, the scattering intensity will be the same whether the scatterers are solids

in a void, or voids in a solid. This equivalent scattering behavior is known as Babinet's principle

and is important for understanding the combined effects of particle and pore scattering in silica

aerogel. 94 The form factor is the distribution of scattering length sizes as a function of Q. This part

of I is key to understanding pore and particle size distributions and interactions. Finally, the

structure factor is a complex underlying contribution based on the interactions of the scatterers at

each value of Q. However, S is often simplified to 1 to represent dilute, non-interacting particles.
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By using this assumption for a restricted Q range, we can use a spherical scattering model to relate

the form function, P(Q), to effective scattering radii in order to simplify many complex or

unknown factors.

There are several regions of interest in Figure 16 to consider when understanding all the

complexities of the aerogel structure. However, the most influential factor on optical performance

is the effective scattering size within the nanostructure, which can also be described as the average

scattering length and variance of the particle and pore networks. This scattering distribution can

be found using many methods, but the most common assumption is to use a spherical scatterer

model to relate I(Q) to P(Q) via a numerical method such as curve fitting (SasView 96 software) or

Monte Carlo iteration (MCSAS software 97). Figure 17 shows two sample aerogels of different

structure with scattering size distributions and scanning electron microscopy images for

comparison.
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Figure 17: Effective scattering size (representing scattering from both pore and particles) and SEM images of
silica aerogel. (a) Highly transparent (>96%) TMOS aerogel with a density of 220 kg/m3 . (b) MS-51 aerogel
with a density of 75 kg/m3 .
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3.2.2 Optical Performance Relation to Structural Features

The average scattering size can be used to relate the structural features within the aerogel to

the optical performance, particularly the transmittance and haze. This provides a quantifiable way

to measure and systematically increase the optical performance of the aerogel.

Optical properties in the visible spectrum were calculated from total hemispherical reflection

and transmission data measured through the center of the samples. These measurements were

performed on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer on wavelengths from 250-

2500 nm using a polytetrafluoroethylene coated integrating sphere (Internal DRA-2500, Agilent).

After measurements, transmittance was averaged over the visible spectrum (380-780nm) and

normalized by thickness (measured on a micrometer) using the method described in Zhao et al1 9.

To calculate haze, we used the formal definition of haze as

Haze = Tdiffuse (5)
Ttotal

where Ttotai and Tdiffuse represent the total hemispherical transmittance and the diffuse

component of the total hemispherical transmittance, respectively. By averaging haze over the

visible spectrum, we can obtain a single representative haze value for the aerogel.

This average haze and average total transmittance can be predicted independently from the

optical measurement by using the effective scattering size. If we assume that the scattering length

within the aerogel is equivalent to a set of monodisperse spheres of the same diameter as the chord

length, we can use the scattering size and density of the aerogels in the model presented in Zhao

et al'8 19 to predict the transmittance and haze. Figure 18 shows that the model agrees well with

experimental results from the optical measurements. We see that while generally the model over-

predicts optical performance (over predicting visible transmittance and under predicting haze) it

does follow the general trends; haze increases more with increased scattering size, and generally

increased transmittance also yields lower haze. This validates the use of SAXS and effective

scattering size to predict the optical performance based on the nanostructure only. Additional

factors such as surface defects, contaminants, or cracks will not be quantified by the effective

scattering size, but those defects are also independent of the fundamental and repeatable steps

within the synthesis process. Therefore, scattering size is a more repeatable and precise way to

predict optical performance and guide optimization of the aerogel synthesis.
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Figure 18. Visible transmittance and haze as a function of effective scattering size as characterized by Small
Angle X-ray Scattering (SAXS). Scattering is the primary loss mechanism for visible transmittance and
results in higher haze. The modeling lines shown are taken from the model described in Zhao etal819 .

3.3 STRUCTURAL DEPENDENCE ON AEROGEL SYNTHESIS

The established relationship between aerogel structure and optical clarity outlines a path to

methodically optimizing the aerogel synthesis to achieve low-haze aerogels. The most important

metric will be the haziness of the aerogel, used to quantify the optical clarity.

First, it is important to understand the influence of the chemical recipe on the clarity of the

aerogel. For example, Figure 19 shows the visual results of varying the catalyst (ammonia

hydroxide) within the base recipe. To methodically understand the effects of the recipe ratios, we

performed 3 parametric sweeps of the chemical ratios, varying the ammonia (in the form of

ammonia hydroxide), water, and methanol ratios normalized to the precursor amount (TMOS).

Ratios were selected to span a range of haze values while still yielding "low-haze" aerogels

(haze < 5% through 4 mm) based on prior works1 8' 78'98, while the base recipe selected was from

the clearest aerogels fabricated to-date. These experiments were then repeated using the same

recipe ratios with a different precursor (MS-51). The resultant aerogels were characterized

structurally and optically to quantify scattering size and haze, respectively. Figure 20 shows the

dependence of haze as each of the 3 chemical ratios is varied.
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Figure 19. Images of samples of varied ammonia ratio made with TMOS precursor. Haziness can be seen by
the blue color of diffusely scattered light of short wavelengths. From these images, it is clear to see the lowest
haze sample is second from the right.

We see from Figure 20 that both precursors showed similar trends when ammonia hydroxide

and water ratios were varied. Generally, higher ratios of the catalyst and reactant yielded lower

haze, and TMOS reached lower haze than MS-51 for the same recipe. From our understanding of

the solution-gelation process, higher catalyst and reactant ratios should result in a faster, more

exothermic reaction. Fast nucleation of the silica nanoparticles in the solution generally creates,

smaller particles with greater number density. Small feature sizes will decrease scattering at a

cubic rate, while the number density should increase scattering linearly. Therefore, within the

low-haze regime, higher ratios of catalyst and reactant should decrease haziness. Also, since the

MS-51 is a pre-polymerized structure, we expect it should form larger particle aggregates at the

same chemical ratio, resulting in a hazier aerogel.
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Figure 20. Influence of varying the chemical ratios normalized by precursor on the visible haze of silica
aerogel. (a) Variation of ammonia hydroxide which functions as the catalyst. Both the TMOS and MS-51
precursors show an optimum ratio to minimize haze. (b) Variation of water, the reactant with TMOS and
MS-51 respectively. Higher ratios show lowest haze. (c) Variation of methanol which serves to control
concentration of reactants and catalyst, and also influences the density of the aerogels.

We see for Figure 20a that for both precursors there exists an optimum ratio. However,

the trends in Figure 20b and c are less consistent, indicating a broader range is needed for full

minimization of haze. Extending the ranges of reactants too broadly may cause additional factors

to begin to influence the synthesis. For example, increasing the water ratio beyond 14 as seen in

Figure 20c causes the gel to form so quickly it exceeds practical limitations for fabricating a

sheet of aerogel. As a counter-example, reducing the catalyst ratio to below 10 can cause the

recipe to gel very slowly, sometimes taking hours or days to fully form. This exposes the
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solution to environmental conditions even longer than other recipes and causes challenges when

trying to keep the other steps in the synthesis identical.

Despite the limited scope of optimization, this parametric sweep did demonstrate the ability

to achieve low-haze aerogels across a variety of recipes. Of the 20 unique recipes, 17 achieved

haze below 5%, which exceeds most prior works for silica aerogel. This implies that the

optimum point for low-haze aerogels is broader than previously expected, allowing for small

variations to the recipe to optimize other properties of interest.

Low-haze aerogels are also low-scattering aerogels, based on the modeling done in Zhao et

al"' 19. This allows us to relate the structural properties to the optical properties, so that we can

better optimize the aerogel recipe. Scattering is dependent on both density and effective scattering

size, so we can approximate scattering intensity using the quantity pd3 . Using the dataset from

Figure 20, we can then compare the independently measured structural properties (density and

effective scattering diameter) to the measured optical haze, as shown in Figure 21.

Figure 21 shows good agreement between the modeled haze as predicted by Zhao et all' and

the measured haze. This validates the ability of the haze model presented in Zhao et al1 8 to predict

the optical performance based on structural feature size, allowing us to optimize the chemical

recipe with respect to scattering size.
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Figure 21. Relationship between the product of density and scattering diameter and visible haze. Density and
scattering diameter influence the scattering coefficient and are therefore related to diffuse reflection and
therefore haze. The modeling line was calculated using the model described in Zhao et al".
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After identifying the general trends that yield low-haze aerogels, 100 additional samples

were fabricated and characterized using SAXS to determine effective scattering radius. Figure 22

shows the results of the normalized recipes. In this ternary plot, each chemical ratio was

normalized by maximum and minimum values. This was a ratio of 2-75 for methanol, 1-47 for

water, and 0.002-0.30 for ammonia. We see that for the recipes shown, the lowest feature sizes

are achieved at relatively high ammonia and water contents and lower methanol contents.

However, it is important to remember that the chemical recipe is not the only influence on the

aerogel nanostructure; drying of the aerogels can also have significant impact on the scattering

size, and therefore the optical performance.
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Figure 22. Effective scattering size achieved through various recipe ratios. Each axis is normalized by the
minimum and maximum values selected for fabrication. This was a ratio of 2-75 for methanol, 1-47 for water,
and 0.002-0.30 for ammonia. From the plot, we see that higher ammonia and water content results in
consistently lower scattering size, and therefore higher clarity.

3.4 SUMMARY

High optical transmittance and low-haze are critical performance metrics for materials in

traditional windows. Therefore, in this chapter we described the guiding principles necessary to

achieving low-haze aerogels. First, we provide an overview of aerogel synthesis and structure,
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highlighting the most important steps: gelation of a silane precursor and subsequent removal of

liquid within the pore structure using critical point drying. Using small angle x-ray scattering

(SAXS) and prior modeling works, it is possible to establish relationships between the fabricated

structure and optical clarity, allowing us to tailor the nanostructure of traditional porous silica

aerogel and create one of the lightest, most insulating solid materials with record-setting clarity

(98% visible transmittance and haze less than 2%).

Next, we explore the relationship between the unique nanostructure and the optical properties,

and use these relationships to optimize the aerogel chemical recipe to yield low-haze aerogels. We

have fabricated and characterized over 50 samples using a variety of recipes and techniques to

perform structural optimization for low-haze. This information enables the ability to achieve high

clarity when recipe, batch size, and sample size is varied. This knowledge and control of

fabrication provides us the necessary tools for scaling and optimizing the aerogel material for

window applications.
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Chapter 4

4. Optimizing Transparent Aerogels for Windows

The characteristic sizes of pores and particles within the aerogel structure affects all relevant

transport properties, such as light, heat, and sound transmission. With sufficiently small feature

sizes (on the order of 10 nm or smaller), silica aerogel can achieve transparency higher than glass.18

However, for window applications the visual aesthetic, primarily clarity, is more important than

total transmittance of the visible spectrum.99 This is critical to the viability of the end result due to

the extremely high expectations related to the use of aerogels in industry and the end application.

Prior works have not addressed the intrinsic scattering of visible light as it travels through the

aerogel structure. Here, we focus on developing a greater understanding of this visible haze in

order to achieve an aerogel that is suitably clear for applications in traditional windows.

Figure 23 shows a plot of the high-clarity aerogel transmittance and haze compared to

traditional float glass as measured using an UV-Vis-NIR spectrophotometer (Cary 5000, Agilent)

on wavelengths from 250-2500 nm using a polytetrafluoroethylene coated integrating sphere and

a Fourier transform infrared spectrometer (FTIR6700, Thermo Fisher) in the wavelength range of

1.5-18 pm. This shows the incredibly high transmittance (98% averaged over the visible spectrum),

as well as the ultra-low haze (1.6% averaged over the visible spectrum) through a 4 mm sample.

As described in the Section 3.3 and prior works such as Zhao et al' 9, we find that this high clarity

aerogel is not limited to a single unique recipe, but it is common among all aerogel samples with

structural feature sizes and densities that are sufficiently small.
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Figure 23. Transmission spectra of a 4 mm transparent aerogel compared to a 3 mm thick sample of
traditional clear float glass. Haze spectra for the same aerogel is shown by the dashed line. Due to the low

reflectance and high clarity of the transparent aerogel, total transmission in the visible spectrum (375-800nm)

is higher than that of glass. However, glass haze is very consistent in the visible wavelengths (~0.5%, not

shown) compared to the wavelength dependent behavior for the aerogel sample shown here (average haze

1.6% in visible wavelength range). Both transmission and haze of the aerogel are highly dependent on the

nanofeature sizes, density, and thickness, providing an opportunity to tailor the material to achieve higher

performance in application.

The primary transmission loss at low wavelengths (< 800 nm) is dominated by scattering

losses. Therefore, an increase in scattering will decrease total transmittance and increase the

haziness of a given sample. Figure 24a shows that as visible transmittance increases, the haze will

decrease proportionately. As described in Zhao et all8, this should hold true when we consider the

formal definition of haze as

H Tdiffuse

Ttotal

We see from this equation that for a material such as the silica aerogel where transmission losses

are dominated by scattering, increased transmission directly correlates to a decrease in haze. These

affects are largest at low wavelengths, often giving aerogels a characteristic blue hue.

Because the haze and transmission are directly related, it is generally assumed that the

structural features that control visible transmittance similarly affect haze. Prior works have shown

that transmittance is dependent on thickness, pore size, particle size, density, etc. In particular,

Zhao et al'8 has shown that scattering size (defined as a representative average radius of both pore

and particle features) is the most influential material characteristic for achieving high transmittance

and therefore low haze. Figure 24b shows the measured average visible haze as a function of

independently measured scattering size (representative feature radius) by small angle x-ray
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scattering (SAXS). We see that the various measured samples follow the model predicted behavior

well, particularly when we consider the wide array of densities represented within the sample

dataset (as shown by the margins on the model, representing densities from 89 to 249 kg/m3 ). The

uncertainty in the haze measurement is relatively high in order to account for the small relative

values of haze across the averaged spectrum (370 to 800 nm) as well as the thickness normalization

to 4 mm (samples range from 2.5 to 4 mm in thickness). However, even considering this

uncertainty and the varied fabrication of the samples within the dataset, the high clarity

performance of the aerogel samples agrees well with the model prediction based on scattering size.

Density is the other most influential material property on the haze and visible transmittance.

Figure 24c shows the effects of density variation on haze through the aerogel. Area and thickness

were measured by image analysis against a known visual reference using ImageJ software'0 0 . The

mass of the aerogels was taken on an analytical balance (DV215, OHAUS Discovery DV215) in

ambient conditions. Density was then calculated using area, thickness, and mass.

Here we see that the model-predicted trend is less representative of the measured data, but

generally we anticipate that in this regime of nanofeature sizes that are significantly smaller than

the visible wavelengths, lower density samples will scatter less due to fewer interfacial interactions

of the light as it travels through the material. However, it has also been shown that density and

scattering size are interdependent, which influences the ability to fabricate samples that represent

bulk density changes for the same scattering size. This is illustrated by the large range of scattering

sizes represented by the model uncertainty. Density measurements also contribute to the large

uncertainty between the measured and predicted performance due to challenges in measuring

thickness and mass. In particular, the fragile nature of samples and their water adsorption

characteristics lead to large fluctuations within the material. While the attempt was made to limit

effects of water adsorption and structural damage during density measurements (by controlling

humidity conditions and limiting handling, respectively), it is realized that some influence of these

affects were unavoidable as we performed multiple property and performance measurements on

each sample over a range of months to compile these datasets.
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Figure 24. Transparent aerogel haze normalized to a 4 mm thickness (as described in Zhao et al 9) as a
function of a) average visible transmission, b) average scattering size, and c) bulk density. a) Haze and
transmission are fundamentally related by the isotropic scattering that dominates optical loss in the visible
and UV wavelengths as shown by the data trend. 9 Since the threshold of desired haze is more limiting than
visible transmission, by studying the property relationships of haze we can also meet acceptable visible
transmission. b) Scattering size, as measured by SAXS, shows that haze is very sensitive to the average
nanofeature size within the material. The modeled line shows good agreement with experimental results
when banded by the range of densities within the experimental dataset (89 to 249 kg/m3). c) The relationship
between density and haze is noisier experimentally than predicted by the model due to the high uncertainty
when estimating density. The bands on the model capture the range of scattering sizes within the
experimental dataset (2.72 to 4.08 nm).

Overall, the data from Figure 24 demonstrates our ability to fabricate silica aerogel samples

with low haze, making them visually competitive with existing window solutions, such as

electrochromic glazings. 99 These high quality samples are achieved across a variety of chemical

recipes, aging and pinhole drying conditions, and post-processing treatments such as annealing

primarily because of our ability to understand and control the pore and particle effective radii as

represented by the scattering size. This versatility in performance across samples allows for us to
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not only achieve one of the first truly clear aerogels, but also provides flexibility to control and

optimize the thermal performance to have maximum impact in window applications.

4.1 THERMAL PERFORMANCE

Thermal performance of the aerogel in window applications is often quantified by the material

thermal conductivity. Thermal transport is effected by many material properties, such as thickness,

density, tortuosity, pore size and pressure, etc. When optimized for energy-efficient windows, the

conductive, convective, and radiative modes of heat transfer through the aerogel material are often

of similar magnitude. This allows us to describe the transport using an effective thermal

conductivity, based on prior works by Hrubesh & Pekala 01, that describes the thermal conductance

for a prescribed thickness and boundary conditions. For the window application, we consider 2-10

mm to be of highest interest in order to be competitive with current products as well as achieve the

high clarity needed for traditional windows. Therefore, we chose several samples across this

thickness range to characterize via guarded hot-plate measurements (in ambient pressure and

temperatures) as representative of both thickness and boundary conditions.

Figure 25 shows the measured effective thermal conductivity of 11 representative clear

samples as a function of bulk density. The model shown is from Hrubesh & Pekala 0 1, while the

shaded areas represent the banded range of average pore sizes (as estimated by nitrogen sorption

analysis ranging from 11-20 nm radius). We see that the characterized performance shows strong

agreement with prior modeling work. We also see that for a fixed set of conditions (such as ambient

temperatures and pressures) the model predicts an optimum density that minimizes heat transfer

through the material.
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Figure 25. Effective thermal conductivity as a function of apparent density. Thermal conductivity was

measured in a Netzsch 436 HFM on 12-15 cm diameter samples with thickness of 4 - 7 mm. The line

represents predicted thermal conductivity at standard temperature and pressure from the relationships
described in Hrubesh & Pekala10 with the bands representing the range of average pore diameter within the

experimental dataset (11 - 20 nm), as measured by nitrogen sorption. Both the data and experimental
characterization agree well and predict an optimum point at about 140 kg/m3 .

As mentioned, there are many material properties that can be used to control the thermal

conductivity. However, many of these properties also affect the visible transmittance, which is

why we have identified the bulk density as the most influential and independent property to control

thermal conductivity.

4.2 ACOUSTIC PERFORMANCE

Optimization of the visible transmittance and effective thermal conductivity is most critical

for application, but there are many other properties of interest that provide additional value for

windows. The sound transmission loss represents one of these potential value-added performance

properties that we have investigated. Figure 26 shows a representative plot of the relative sound

transmission loss of the aerogel compared to traditional float glass.
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Figure 26. Sound transmission loss comparison of a 4 mm thick aerogel and a 4 mm glass sheet in ambient
conditions as measured by an impedance tube. Reflection is the dominant sound transmission loss mode in
both the aerogel and glass sheet, showing similar behavior.

The porous nature of aerogel combined with its solid backbone density allows it to intrinsically
possess soundproofing properties that are highly favorable for window applications. 102 Sound
propagation through the aerogel is dependent on both the particle and pore structure, but is
dominated by acoustic reflection caused by a rigid backbone and highly mesoporous network. By
exploiting this understanding of acoustic loss through the material, we aim to increase the natural
sound-proofing capabilities of the aerogel to increase its value as a high-efficiency window
material.

Similar to bulk glass, the aerogel sound transmission loss is dominated by reflection and
not absorption (representing a key difference in behavior between granular and monolithic
aerogels).i3 While the sound transmission loss of the transparent aerogel is lower than traditional
glass, it does have the potential to noticeably decrease sound transmission.104 In a reflection-
dominated porous material (see Figure 27) sound transmission loss is increased by changing
transmission through the material backbone and/or through the pores. By increasing the overall
mass or decreasing rigidity of the material, sound has a greater likelihood of being reflected due
to its inability to propagate through the solid network. By decreasing the speed of sound through
the porous structure (by controlling the gas or pressure within the pores) we can also increase
porous sound reflection to reduce transmission. Because the thermal performance is critical for
window application, it is most advantageous to optimize overall density for thermal properties and
use the porous structure to optimize for acoustic properties. By decreasing the pressure within the
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pores, we can limit the sound propagation speed and increase sound transmission loss. This results

in coordinated strategies to improve both thermal and acoustic performance.

1.5-
- -Absorption
- -Reflection

a)
0

0

0.0 -

500 1000 1500

Frequency (Hz)

Figure 27: Absorption and reflection coefficients for a 3 mm thick TMOS aerogel. The reflection coefficient

is measured by the ratio or the reflected amplitude relative to the incident amplitude and is the dominant

sound transmission loss mode, indicating that increasing sound reflection in the pore and particle structure

will increase overall sound loss.

We further investigated the dependence of sound transmission loss through the aerogel to

determine the opportunity for improving acoustic performance (without detracting from optical

and thermal performance). Within the range of our sample dataset, we found that thickness was

the most influential property that changed sound transmission loss. This is related to the ability of

the material to reflect additional sound as the overall mass per unit area of the aerogel increases.

Figure 28 shows the average sound transmission loss in the 80-1600 Hz frequency range as a

function of sample thickness. By comparing this to a model presented in Equation 2 in Tadeau &

Mateus 05 describing sound transmission loss through single-pane glass, we find that our data

agrees well with predicted performance. This indicates that by increasing the thickness of the

aerogel we can directly increase the sound-proofing performance of the material, with particularly

large improvements for samples at ~ 4 mm of thickness. Uncertainty in the measurement is largely

influenced by the fragility of the aerogel and the challenge it represents in traditional acoustic

characterization, which often requires a well-sealed edge and crack-free sample. Measurements

were repeated three times for each sample and average values were used to represent performance.
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Figure 28. Sound transmission loss of the aerogel material averaged from 80-1600 Hz as a function of aerogel
thickness. Each measurement was repeated at least 3 times and averaged to obtain each data point. The
dependence of sound transmission loss on thickness indicates that sound is most impeded by an increase in
overall aerogel mass, as predicted by prior works on glass panes.05

Conversely, we saw no strong trends correlating sound transmission loss to variations in either

density or pore and particle sizes. Some prior works have indicated that in the density range of our

samples (89 to 249 kg/m 3) the porosity should not strongly contribute to increasing sound

reflection (the dominant sound loss mode for the clear, monolithic aerogels). 106However, further

characterization is planned to better understand the influence of other factors, such as water

adsorption, pressure dependence, and pore and particle tortuosity. These additional properties,

combined with our understanding of the thermal and mechanical properties of the material, will

allow us to better understand and increase sound transmission loss of the material.

4.3 MECHANICAL PERFORMANCE

Sound transmission loss, thermal transport, and mechanical strength are highly interdependent

properties of the material. While silica aerogel has intrinsic properties that make it a strong

candidate for window applications, its primary limitation is its mechanical stability. This is

problematic when considering the need for large, monolithic pieces that can survive 10-20 years

in application. Additionally, the window application must meet rigorous mechanical standards

due to daily consumer interaction with the product, wind and pressure loading, humidity

considerations, etc. Therefore, it is crucial to characterize aerogel's mechanical properties to

ensure they meet minimum load requirements, and improve strength and toughness as much as

possible. 68
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While aerogel is strong relative to its density, especially in compression, it is prone to breaking

at relatively low bending stresses. Preliminary compression testing has been done on higher

density TMOS aerogel in comparison to a lower density MS-51. Figure 29 shows that both of

these synthesized aerogels are 2-3 times stronger than aerogels previously reported in literature,

likely due to the small pore and particle sizes developed for high transparency. This data indicates

that while compressive strength is a function of density' 07 , the MS-51 samples are already very

strong at low densities compared to the much more dense TMOS. With further structural

optimization, it may be possible to increase strength even further. However, further study into the

limiting bending strength is needed before it is clear what strategies should be used to increase

overall mechanical stability.
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Figure 29: Compressive strength of TMOS and MS-51 aerogels fabricated in the Device Research Laboratory
compared to typical literature values" 8. While it is generally true that a denser aerogel has a higher
compressive stress7 7 we see that the less dense MS-51 aerogel still has a very high compressive strength,
indicating it is a good candidate recipe for strong, lower density aerogels as needed in window applications.

For a better understanding of our clear aerogel structure, we also characterized the mechanical

strength of all samples in the data set using indentation measurements. Figure 30 shows the

Young's Modulus as calculated using the Hertz model'0 9 compared to the densities of the samples.

Despite the wide variety of structures, fabrications methods, and thicknesses, we find that the
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experimental data fits very well to the predicted empirical model described in Chapter 22 of the

Aerogels Handbook.77
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Figure 30. Young's Modulus as a function of apparent aerogel density. The values of E were determined by a
slope fit of experimental data from a standard indentation test using the Hertz indentation theory. Previous
literature indicates the exponential term of a power fit should fall in the range of 2.59 to 3.53. The data
collected has a power fit of 2.87, agreeing well with prior works. This relationships also shows that while the
strength can be improved by optimizing the material density, the aerogel still has a Young's Modulus that is 3
orders of magnitude lower than traditional float glass.

While samples vary in strength by almost an order in magnitude, the aerogels are still three

orders of magnitude less than traditional glass used in window applications. Characterization of

the mechanical properties show that optimization of the silica structure is unable to achieve a

considerable improvement in strength when compared to the typical loading requirements of

windows (transportation, installation, wind forces, cleaning, etc.). We consider the mechanical

properties beneficial to understanding and predicting performance of the thermal and acoustic

properties, but overall a relatively low priority in relation to optimizing the material for application.

However, it is important to note that Young's Modulus describes mechanical strength in only one

mode; in particular the bending strength of the material is the primary mode of failure for these

monolithic silica aerogels. It has proven very challenging to make consistent samples for

mechanical bending tests, such as a simple 3-point bending setup. For this reason we chose to

first assess strength using indentation testing, but we have planned future works to measure the

bending strength of the material to quantify improvements that can be made by controlling the

material structure.
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4.4 COMBINED PROPERTY OPTIMIZATION FOR APPLICATION

Successful application of the aerogel material requires full understanding and optimization of

all relevant properties - optical, thermal, acoustic, and mechanical. However, it is the optical and

thermal performance that has limited silica aerogel applications in the past (particularly when

comparing the estimated costs to existing window products). Limitations in visual clarity have

resulted in prior works being unable to truly optimize thermal performance for traditional

transparent window applications. The achievement of our low haze silica aerogel combined with

rigorous characterization and recipe agnostic performance has allowed us to quantify the

relationship between transparent aerogel structure and thermal performance.

To fully understand the effects of aerogel thickness and density on window performance we

must first translate effective thermal conductivity to U-factor, the measure of heat flow per area

across a temperature difference (see Section 2.1.1). For the prescribed standard conditions (21 °C

interior, -18 °C exterior), we can approximate the U-factor performance by creating a simple

thermal flow diagram shown in Figure 31. By estimating Rwindow (the thermal resistance of the

"window") from the thermal conductivity aerogel, we can then use an iterative method to solve for

the total heat transfer across the fixed conditions. This total heat flow across the "window" is

normalized by the temperature difference to predict the U-factor. This method works especially

well for the aerogel material as we measure effective thermal conductivity, and don't have coatings

or wavelength-dependent radiative transfer that needs to be accounted for in the heat flow.

Text=-180C TO T Ti=

~ho = 2 w/m2K Rwindow ~wh;= 8W/m 2K

Figure 31. Diagram illustrating the simplified flow of heat from an interior chamber to an exterior chamber.
Temperatures and convective coefficients are prescribed by the U-factor standards. Here, Rwi.dowcan be
calculated from modeled or experimentally measured effective thermal conductivity form the aerogel. As a
note, the addition of glass to this model has no appreciable effect on U-factor due to the highly insulating
nature of the aerogel(Rwidow)that is much large than any thermal resistance from the glass panes.
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Figure 32 shows the performance of haze and U-factor as a function of material density and

thickness. In both Figure 32a and Figure 32b, we see that these optical and thermal properties

compete with each other for maximum performance, but that understanding the relationships

allows us to reach the highest possible performance. In Figure 32a, we see that the flatness of the

thermal performance with respect to density allows us to operate on the low-density side of the

optimum to decrease haze without appreciably increasing thermal transport. Figure 32b shows that

thickness dependence is particularly influential on thermal performance, allowing us to drastically

increase performance with added thickness. However, it is noted that thickness is also highly tied

to cost and manufacturability, which should be considered when targeting successful application.
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Figure 32. a) Haze and U-factor as a function of apparent density for the aerogel normalized to 4 mm
thickness. Model bands encompass the average scattering size (2.72 - 4.08 nm) for haze and average pore
diameter (11 - 20 nm) for U-factor that are represented by the included datasets. b) Haze and U-factor as a
function of aerogel thickness. Model bands encompass the densities (112 - 249 kg/m3) for both haze and U-
factor that are represented by the included datasets.

Another important factor to note is that the scattering size control of the material allows us to

operate in a regime in which the haze dependence on both density and thickness is greatly reduced.

As described in Zhao et al18 , at low scattering sizes, density and thickness increases have less

influence on increasing haze than at higher scattering sizes.

4.5 SUMMARY

The diverse needs of our buildings require consideration for the optical, thermal, acoustic,

and mechanical properties of materials used in window designs. In this chapter, we provide a

structurally-guided framework for optimization of high-clarity aerogels for windows. In prior

works, the high-haze structure of aerogels has prevented a full consideration for how low-haze
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feature sizes can limit thermal, acoustic, and mechanical performance. Here, we present the

study and optimization of a high-clarity aerogel with a uniquely small nanostructure for

windows.

Over 300 samples were made and characterized, enabling us to target and demonstrate a

nanostructures that achieve < 3% through a 4 mm sample across 20 unique recipes. Using

experiments, validated with models, we demonstrate monolithic silica aerogel samples with

thermal conductivity < 13 mW/mK, sound transmission comparable to a thin pane of glass, and

mechanical strength comparable to other silica aerogels of similar density. These relationships

were then used to guide optimization of clarity and thermal insulation in window applications.

By removing the barrier to clarity, these low-haze aerogels represent the ability to achieve U-

factors competitive with existing double-pane windows at relatively small insulating thicknesses.
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Chapter 5

5. Transparent & Stable Aerogels for Windows

Application of aerogels to the broader window market requires a high-quality visual
experience. Even small defects or changes to the nanostructure can results in an "unacceptable"
visual experience, such as visual aberrations, haziness, or coloration. Achieving high-clarity
aerogels over a variety of recipes and synthesis (see Figure 33) is therefore limited unless defect-
free monoliths can be fabricated. It is necessary to explore ways to increase the size and quality
of defect-free aerogel samples to validate the performance of the material.

a) 100 b) c 2.5 c)
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Figure 33: (a) Visible transmittance of the ultra-clear silica aerogel (blue) compared to borosilicate glass and
commercial silica aerogel (from Aerogel Technologies). The ultra-clear aerogel is more transparent than bulk
glass due to the reduction in reflectance from the highly porous aerogel. (b) Scattering size distribution
(characterized by small angle x-ray scattering) comparing feature sizes of commercial aerogel to the ultra-
clear structure. Scattering size quantifies both pore and particle features. (c) Scanning electron microscope
image of the ultra-clear aerogel nanoporous structure, showing the complex particle and pore nanofeatures.

As discussed in Section 3.1.2 and 3.3, there are many steps within the aerogel fabrication
process that influence the final aerogel properties. In the previous section, we extensively
explored the optimization of the chemical recipe with respect to the relevant material properties
(visible transmittance and haze, thermal conductivity, sound transmission loss, Young's
Modulus). However, each of the steps in the synthesis process can lead to changes in the
structure ranging from the nanoscale to the macroscale. Therefore, it is important to control all
steps of the fabrication to ensure large, defect-free sheets of aerogel are created. First, we
consider the defects formed during solution-gelation.
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5.1 GRADIENT-INDUCED STRESSES

Experimental observation of the aerogel synthesis for the samples from Section 3.3 indicate

that the mixing of chemicals and the exothermic solution-gelation reaction cause gradients that

drive convection that cause defects and non-uniformities. In particular, gradients in surface tension

and density caused by the energy released during gelation create a characteristic surface pattern

and create stresses that induce warping and cracking as shown in Figure 34a and Figure 34b .

Similar effects have also recently been observed in adjacent fields, such as drying of colloidal

films (Figure 34c)." 0 "111

in

2 in

Figure 34: a) Surface defects on a monolithic aerogel sheet. Special lighting was used to accentuate the defects,
which form cells with a characteristic period of 0.2 in, consistent with typical Benard-Marangoni convection
cell sizes observed in literature.2 To aid the eye two cells have been traced in yellow. b) Side view of a
monolithic aerogel sheet sitting on top of a beaker after supercritical drying. Non-uniform stresses in the sheet
cause warping, preventing the formation of a flat sheet. The thickness of the sheet is marked in black. c) dried
colloidal suspension with cracking and stresses due to Benard-Marangoni convection." 0

The gelation process is exothermic, causing the solution to heat volumetrically while heat

losses to the mold (container) and evaporation at the surface cool the liquid and lead to temperature

gradients that drive convection (see Figure 35). Density driven convection is characterized by the

Rayleigh number

Ra = pgATL 3 (1)
ayt

and surface tension driven convection is characterized by the Marangoni number

M =pyATL (2)
ayt
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where po is the density of liquid at room temperature, g is gravitational acceleration, p is the

coefficient of thermal expansion, AT is the temperature difference across the geling sheet, L is the

thickness of the sheet (L~3 mm), a is the thermal diffusivity, p is the viscosity, and y is the

temperature derivative of surface tension. Both quantities are affected by the temperature

difference within a species, primarily experienced during the primary gelation (during which time

the majority of the chemicals are reacting and a significant amount of evaporation can occur from

the free surface).

1-10 min

Evaporation

Figure 35. The exothermic reaction during gelation, evaporation at surfaces, and heat transfer through the
mold (container), lead to temperature gradients within the mixture. These temperature gradients can drive
both Marangoni convection and Rayleigh convection.

By fabricating samples over a range of reactant and catalysts ratios, it was observed that the

exothermic heat generation during solution-gelation was dependent on both the speed of the

reaction and the total volume of reactants used. Gels that formed more slowly and with less peak

temperature rise showed less signs of surface patterning. Additionally, when the free surface was

left uncovered during gelation, the surface defects also appeared with greater visibility. This

evidence suggests that a slower, contained reaction results in less defects from gradient-driven

sources. However, if the reaction rate must be fast (on the order of minutes) to achieve small

nanostructure sizes (resulting in a lower haze aerogel), active temperature control of the solution

during gelation could be used to reduce surface defects. Additional experiments that use a more
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carefully controlled ambient environment during gelation also may eliminate enhancement of

surface defects by surface evaporation.

5.2 NON-UNIFORMITIY IN CRITICAL POINT DRYING

Drying of wet gels poses many challenges, and is often the step in which defects or cracks

are created and/or revealed. Any non-uniformities in the wet gels can lead to stresses during

drying that can cause warping or cracking, like that in Figure 34b. However, because the

aerogels are so clear it can be difficult to find the causes of such defects with visual inspection.

This creates challenges for identifying the source and severity of defects in dried aerogels.

Birefringence of aerogels can be used to observe changes in stress gradients, providing a way to

compare the severity of non-uniform stress.

Birefringence is an optical property when anisotropic propagation of light, commonly

polarized light, is caused by differences in the refractive index of a material. 1 3 In dried aerogels,

the changes in refractive index can be used to quantify differences in density, species, etc.1 1 4

Stress patterns were observed in transparent dried aerogels by using two orthogonal polarized

lenses with a white backlight. Since pure aerogels were used, we can assume the variation in

birefringence indicates differences in density and/or stress, providing a picture of the non-

uniformity and defects in the material.

For example, Figure 36a shows an aerogel that experienced an insufficient pressure during

the drying step that resulted in the formation of a liquid-gas interface that damaged the sample.

The liquidCO2never reached a stable critical point, and the internal surface tension gradients

within the material caused cracks to form a the edge and propagate along existing lines of stress.

These cracks along the high stress lines can be clearly seen in the image. For comparison, Figure

36b shows an almost stress-free aerogel that was produced from a similar recipe but with a well-

controlled drying process.

Figure 36c represents a sample that shrank by more than 20% linearly while drying, but

remained crack free. Looking closely at the photo, radial stress lines can be seen that are not

present in Figure 36b. This circular monolith experienced significant shrinkage, but the radial

gradients show that the sample was able to accommodate the shrinkage by densifying uniformly

in the radial direction.
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Figure 36: Birefringence variations within dried aerogel samples of 5 in nominal diameter showing relative
changes to stress within the sample. (a) Sample that cracked during an error critical point drying. Stress
build-up around the edges of the cracks show where non-uniform shrinkage lead to complete separation of
the different sections within the sample. (b) Sample that was made with a similar process to (a) but was dried
using a well-controlled process. While we still see some stress variations within the sample, overall the
birefringence is much more uniform. (c) Sample that had significant shrinkage during critical point drying
but was able to remain crack-free. Careful study of the photo shows stress lines that extend radially outward,
but the changes in stress across these lines show less contrast than (a), The symmetry of stresses created and
their low relative difference between the bulk sample resulted in this sample shrinking without cracking or
warping.

These selected samples show identical recipes dried under different conditions. However,

when both the drying and the recipe are varied, it can become difficult to identify the true source

of non-uniformities. It is important to make recipes consistently and repeat drying in several

batches to truly validate trends shown in dry gels.

5.3 INTERDEPENDENT DEFECTS

The complexity of the aerogel synthesis makes it challenging to de-couple the solution-

gelation step from drying. However, the birefringence property does provide a way to quantify

defects in samples for a full process, enabling us to compare full processes including the

chemical recipe, drying, and the resultant aerogel. Synthesis of these gels can be repeated and

compared between batches to ensure repeatability. Table 3 shows a select sample from each of a

range of recipes that were fabricated, dried, and imaged compared to the uniformity of gels based

on chemical recipe ratios.
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Table 3. Birefringence stress pattern of various aerogels made across a range of chemical recipes. All samples
in this table were made using the same precursor (TMOS) and dried with similar process settings. The
highest stress concentrations are seen in recipe ratios that have the highest and lowest catalyst (ammonia) and
reactant (water) concentrations. Ammonia, water, and methanol ratios shown have all been normalized by
precursor amount.

Sample A B C D EF
Ammonia 0.05 0.067 0.09 0.09 0.095 0.125

Water 0.5 0.5 0.47 0.47 0.47 0.75
Methanol 1.58 2.11 1.26 2.47 2 3

(con't)

Sample G H I J K L M
Ammonia 0.143 0.15 0.16 0.16 0.2 0.25 0.267

Water 0.49 1 0.6 0.8 0.75 1.5 1.33
Methanol 3.43 4 3 3.2 3.75 4 5.33

We see that at high at both high and low relative ammonia ratios, the non-uniformities induced

in the aerogels increase. This agrees with the observations noted during synthesis of different

recipes. In high-catalyst aerogels (samples K-M), the wet-gels are often very rigid and brittle. They

are challenging to remove from molds but stand up to handling very well. At very low-catalyst

ratios (samples A-D), the gels are very flexible, but also very weak. They tend to deform before

moving and will flow off a substrate, making them very easy to damage during transfer or handling.

It can be challenging to move these aerogels between synthesis steps, and it is less likely they will

survive the drying step.

Another trend to note is the more un-symmetric nature of the birefringence pattern at low

ammonia ratios (samples A-D). Generally, these gels form slower and have more time for mixing

before gelation is complete, which may lead to more temperature-driven gradients within the gel

(see Section 5.1 for details). At higher ratios we begin to see a transition to radially symmetric

patterns, starting with sample G. However, more samples and repeated imaging of aerogels made

with identical processes in different batches are needed to validate these observations.
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5.4 POST-SYNTHESIS ANNEALING

The process for achieving the structure needed for high clarity aerogels often yields a material

with high surface area (800-1000 m2/g) and residual stresses (see Section 5.3). This is caused by

the nature of gelation - when the silica backbone forms the nanoparticles are small, disperse, and

lightly interconnected. Small fluctuations in the interconnectivity of the particles within a sample

and between different samples can change the surface energy and have significant effects on

material properties such as water adsorption (particularly uptake of water into the internal surface

in ambient conditions) and mechanical strength. One easy and scalable method of controlling the

aerogel structure post-fabrication and reducing non-uniformities is through high temperature

annealing.11 5

During annealing, the supporting network experiences structural relaxation and thermally-

driven condensation. High temperature exposure decreases the viscosity of the silica particles and

allows for the material to contract and rearrange itself into a less energetic state.1 5 By optimizing

annealing temperature and time, it is possible to control the amount of structural contraction and

modify the structure to the desired resultant aerogel. Prior works have shown that annealing can

be used to modify effective pore and/or particle sizes, as well as density, providing an avenue for

further optimization.78'98

Annealing for high clarity silica aerogels also has the beneficial effect of reducing residual

stress and burning off any potential contaminant species. Stresses and contaminants may affect

haziness and/or the mechanical stability of aerogels in an application that requires long, stable

lifetimes. Figure 37 shows an example of a transparent aerogel before and after annealing at 400

°C for two weeks, clearly showing the increase in transparency of an otherwise hazy recipe.

Additionally, this sample became more mechanically stable after annealing, making it easier to

handle for subsequent characterization. Each aerogel recipe has an optimum annealing time and

temperature that is dependent on the initial structure as well as the desired properties, but several

general trends have been found to provide favorable and consistent improvements to low-haze

aerogels.
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Figure 37: Transparent silica aerogel before and after annealing at 400 °C for 2 weeks. Transmittance is 97.6%
in the annealed sample compared to 94.8% before annealing. However the sample also densified 4.5%,
increasing effective thermal conductivity and indicating a need for optimization.

As discussed in Section 3.2.1, SAXS can be used to quantify the precise change to particle

size, pore size, effective scattering size, and interconnectivity of the backbone. This provides an

excellent quantification of the modification of the structure using non-destructive characterization

to allow for optimization of annealing time and conditions. Past works have shown that at

temperatures as low as 200 °C, the viscosity of the aggregated nanoparticles is decreased enough

to allow for them to move relative to each other to achieve structural relaxation of the

features."s,' 1 1 6 This results in a general shrinkage of the individual pore size and overall volume.

However, as temperature increases further the viscosity of the particles becomes low enough that

particle aggregation and densification dominate, which can result in detrimental effects to material

transparency and thermal conductivity. At very high temperature, at or above the glass transition

temperature of the aerogel of ~700-800 C,83 extreme densification and particle aggregation

drastically change the nanostructure within hours (see Figure 38).
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Figure 38: Structural change as measured by SAXS of a transparent silica aerogel annealed for 1 hour at
progressively increasing temperatures. Average pore size, particle size, and overall density show appreciable
change at higher temperatures, even with short exposure.
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Longer exposure at a given temperature also increases the amount of structural change. Figure

39 shows the change in aerogel structure as a function of annealing time for a sample exposed to

400 °C for up to 336 hours. Structural data, characterized using SAXS, shows that initially the

change to the structure is small for all relevant features. However, increased exposure results in

more contraction of the pore sizes and reduction in the effective or mean scattering size. This

decrease in effective scattering size results in a transmittance increase of more than 3%.

(a) 100 (b) 10  . . . . .. , . . . .
9 -- - Before annealing

E 8 - Annealed
U 10

Pore

1

Mean scatterer
3

75 0.1 -3- -
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0.01 0 1 •.''
0.01 0.03 0.1 0.3 3 10 30 100 500

q (A-) Annealing Time (hours)

Figure 39. Small angle x-ray scattering (SAXS) data for TMOS samples annealed at 400 °C showing the
structural characterization of the particle and pore network. (a) Scattering data of a sample before and after
annealing for 336 h. Assuming that structural features are spherical, the particle (q-0.03), pore (q~0.1), and
mean scattering size (full data range) can be found from the data ". Because the data is spread over a large
range of sizes, a subtle change to the raw scattering curve resulted in an appreciable change in size. (c) The
structural feature changes of a TMOS sample annealed up to 336 h at 400 °C are shown. The data points for
each annealing time represent the scattering radius before the indicated annealing time (Before annealing), and
immediately after annealing (Annealed). Particle size was not affected significantly by annealing, but the pore
size decreased more with annealing time, causing the mean scattering value to decrease with additional
annealing.

Annealing offers another process for controlling and optimizing the structure of the aerogel.

Generally, annealing at temperatures at or below 600 °C yields appreciable increase in

transmittance, due to the structural decrease of effective scattering size. However, this change in

structure also increases thermal conductivity due primarily to densification. It is important to

consider annealing as another step in the process to achieve the optimal structure for a given set of

applicationconditions.

5.5 SUMMARY

Fully optimized aerogels for windows must not only demonstrate high transmittance and

clarity, but must also be free of optical defects for the lifetime of a window (>20 years). In this

80



chapter, we explore the various sources of defects unique to the high-clarity aerogel samples and

how these defects can be minimized. Many of these defects are formed during solution-gelation

and can be influenced by both the chemical recipe and the ambient conditions. However, these

defects can be hard to quantify due to the high transparency of the material. Birefringence can be

used post-drying to visually quantify defects and non-uniformities caused by structural changes in

index of refraction. This same technique can be used to identify sources of damage during critical

point drying. Additionally, in this chapter we discuss the benefits of using post-drying annealing

to optimize the aerogel structure and density as well as reduce residual stress and remove

contaminants. This knowledge used in combination with recipe optimization of the structure can

yield high clarity, stable aerogels that are well-suited for a variety of window applications.
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Chapter6

6. Integrating Transparent Aerogels into Windows

Now that we have achieved high-clarity aerogels that can be optimized over a variety of recipes

and synthesis methods, we can use validated models to consider the full performance of the aerogel

in application. By placing the aerogel material between two panes of glass to create an aerogel

double-pane (Figure 40), we can increase insulating performance of traditional windows while

protecting the fragile aerogel for the anticipated 10+ year lifetime of window products. However,

there are many additional considerations for integrating the aerogel into a full window product,

including full window performance of optical, thermal, and acoustic transport.

Gas DRL Aerogel

Figure 40. Proposed double-pane window design using DRL aerogel. The aerogel will replace the gas-filled
gap and the edge-spacers of a typical double-pane (left) to achieve superior performance (right).

6.1 INITIAL AEROGEL DOUBLE-PANE PROTOTYPES

As discussed in Section 4.3, a major hurdle for aerogel windows has been their low mechanical

strength. However, several prior works have proposed replacing some or all of the traditional gas-

fill with aerogel as a means to improve thermal performance while protecting the material. 68,69-72

This integration approach allows the aerogel to increase the thermal insulation of the window, as

the aerogel has a thermal conductivity 30% lower than even argon gas. The development of highly

transparent aerogels in this work (see Figure 41a) allows aerogel windows to overcome optical

limitations that have prevented adoption of any window using monolithic aerogel for traditional

applications. This allows for the fabrication, characterization, and optimization of transparent

aerogel double-pane prototypes.
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Figure 41. a) Ultra-clear aerogel sheet (6" diameter) with a porosity of 94%. Average pore and particle feature
sizes are <10 nm diameter, allowing transmittance >98%, haze <2.0%, and thermal conductivity <13 mW/mK
through 3 mm thickness. b) Proposed aerogel double-pane window with inset showing the ultra-clear aerogel
compared to float glass. The aerogel replaces the air gap in a double-pane window.

6.1.1 Prototype Optical Performance

The first aerogel prototypes were designed to validated the optical properties of the high-clarity

aerogel when combined into various stack configurations. These prototypes were made by sealing

circular aerogel monoliths between two panes of glass using polyisobutylene, a sealant commonly

used in the insulated glass industry. The aerogel sheets were made and/or cut to sizes that fit within

the glass shape and size required for testing (typically -5 in diameter circles) and sealed within the

gap between two panes of glass as shown in Figure 42. Various spacer sizes were used to

accommodate different aerogels and stack configurations in order to validate optical performance.

3 mm borosilicate glass

3 mm aerogel (H=3%, k=14 mW/mk)

3 mm borosilicate glass

Polyisobutylene

Figure 42. Double-pane window prototype using DRL aerogel. The aerogel will replaces the gap traditional
filled with gas and the edge-spacers support the double-pane structure.
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High-clarity aerogels primarily transmit incident light; it is expected that including aerogels

will have very little effect on total transmittance. However, glass also has a small amount of haze

(-0.5%) and some optical aberrations (such as waviness) that could exemplify optical

imperfections when combined with the aerogel. We therefore fabricated several aerogels of 5

different high-clarity recipes to first test independently, and then each one combined in a double-

pane stack configuration. We measured both visible transmittance and haze using a

spectrophotometer and the same process described in Section 3.2.2 and compared the predicted

stack performance (based on a model combining the optical properties of the glass and aerogels)

to the full stack characterization. Results are shown in Figure 43 with a 1:1 line drawn to

illustrate the deviation from prediction.

a) 90 . b) 10

- - - 8 --NT

.5 80 -M
I- -E6 -I

4 --
. 70

60 I0 I I

0 70 80 90 0 2 4 6 8 10
Measured Tvis(%) Measured Haze (%)

Figure 43. (a) Experimental visible transmission plotted against predicted visible transmission. A line of y=x
was added to the graph to show that experimental values align very well with predicted values. (b)
Experimental haze plotted against predicted haze. A line of y=x was added to the graph, which shows that
experimental haze values differ more as the predicted haze value increases.

We see that visible transmittance of the stacks agrees well with predictions based on the

individual stack components. The total hemispherical transmittance is not affected by placing the

glass and aerogel into a stack configuration. However, the visible haze does measure as

significantly higher than predicted at high absolute haze. During aerogel-only measurements, we

have observed that any distance between the sample and the opening of the detector aperture

increases the amount of scattered light that is measured by the detector. In the definition of haze,

we see that increased diffuse transmittance results in a higher haze. When the aerogel is place in a

stack, the distance between the scattering-dominated aerogel and the aperture opening is increased.

Therefore, by nature of the measurement the amount of scattered light when combined with a glass
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stack will be higher than predicted. As the aerogels become hazier and/or thicker, this mechanism

of scattering increases and results in more error at higher hazes.

As discussed in Section 2.2, window designs are customized for climate, occupancy, building

type, etc. Aerogel windows must also be able to meet the diverse needs of buildings, which extends

beyond the optical clarity to also include control of the solar heat gain. High-clarity aerogel also

has a high solar transmittance, often transmitting >90% of the solar spectrum. For applications

where this solar energy is not desired, such as in cooling dominated locations, aerogel windows

can utilize the same low-cost solar filtration coatings to reduce heat gain.

Since the aerogel is volumetrically dominated by air and has an effective index of refraction

of 1.02 (close to air) we expect that for wavelengths < 3 pm the optical properties of the aerogel

prototype will behave similarly to that of an air-filled prototype. Figure 44 shows that when adding

aerogel in combination with a solar-control coating, the results are almost identical to a prototype

filled with air. This demonstrates that the aerogel does not limit the performance of traditional

solar and optical tints/coatings, giving it a broader range of applications within the window market.
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with the glass. Due to the aerogel's high transparency, it does not significantly affect other strategies to

control SHGC.

The aerogel material is highly solar transparent, while being very opaque to long-wave

radiation. Experiments have shown that the aerogel has a SHGC > 0.90, but that it can be

controlled using traditional coatings to be customized for each window application. Figure 23

from Section 4 shows the transmission of float glass compared to the transmission and haze of a
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4 mm thick sheet of aerogel. Due the high transparency, the aerogel can be used with other

strategies to control SHGC, UV, IR, etc., without adversely affecting their performance in visible

wavelengths. Further testing is required to determine the effect on IR wavelengths and low-e

coatings, however, insulated glass unit stack configurations (discussed in Section 6.2) that use a

high-clarity aerogel with a gas gap would not adversely affect the low-e coating performance.

6.1.2 Prototype Acoustic Performance

As discussed in Section 4.2, sound transmission is a value-added property of the aerogel that

can improve occupant comfort. The porous nature of aerogel combined with its solid backbone

density allows it to intrinsically have soundproofing properties. However, the sound-proofing

fundamental behavior is similar to glass, meaning that the aerogel has limitations to the

incremental sound-proofing capabilities. The aerogel still provides a benefit (-4-8 db reduction,

see Figure 45) over a gas-filled window, but the benefit is less than other strategies in use today,

such as laminated glass.
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Figure 45: Sound transmission loss comparison of a 4 mm thick aerogel and a 4 mm glass sheet in ambient.
Reflection is the dominant sound transmission loss mode in both the aerogel and glass sheet. The data shows
that sound transmission can be increased by adding the aerogel layer to the glass layer, with large
enhancement expected when the aerogel pore pressure is decreased.

However, if an aerogel window is also evacuated, the sound reduction can be increased. To

investigate the sound-proofing potential further, we sealed several samples of aerogel between

glass at a pressure of - kPa. These samples were then tested in an impedance tube using the same

procedure as described in Section 4.2. Results are shown in Figure 46.
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Figure 46: Sound transmission loss comparison of a 4 mm thick aerogel sealed in a double-pane, a 4 mm air
gap at -1 kPa, and a 4 mm glass sheet in ambient. Reflection is the dominant sound transmission loss mode in
both the aerogel and glass sheet. The data shows that sound transmission can be increased by adding the
partially evacuated aerogel layer to the glass stack.

Figure 46 shows that evacuated aerogel reduces sound transmission by 10-15 dB across the

majority of the frequencies shown compared to glass. In particular, the low frequency regime is

better insulated than compared to a double-pane gap at the same partial pressure (ikPa).

Comparing to a traditional double-pane window at full pressure, this provides a promising

improvement in sound performance that is worth investigating further.

6.1.3 Prototype Thermal Performance

The U-Factor is a standard measure of the total window heat transfer coefficient as described

in Section 2.1.1. Primarily, this is used as a measure of "how well a product can keep heat from

escaping from the inside of a room".1 17 While the U-Factor of the aerogel may be very low as a

standalone material (see Figure 47) due to the low thermal conductivity, when the aerogel is

packaged into a window, sealed at some pressure, and installed with a frame, the total window U-

Factor may be much higher than anticipated due to the necessary additional components. It

becomes important to understand the effects of the aerogel and window design on the final U-

Factor with respect to other properties, given that the full design optimum might not be the same

as for the aerogel on its own.

Using the aerogel thermal properties that have been validated at room temperature and pressure

by measurements, we can approximate performance as a function of insulating gap thickness.
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Figure 47 shows the modeled performance of various window configurations, including an aerogel

in ambient conditions and sealed at a reduced pressure. Compared to air, aerogel can achieve the

same U-values at significantly reduced thickness, with modeling indicating that aerogel can be

competitive at as little as 2 mm of thickness.
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Figure 47: U-values at center-of-pane for different window designs as modeled from thermal conductivity (no
consideration for convection) per the NFRC standard conditions. To be competitive in the window market, it
is necessary to be at or below 2.5 W/m2 K. Aerogel at both ambient and modestly reduced pressure show
significantly better performance at reasonable thicknesses.

However, these U-factor values represent the material properties, and not the full unit

assembly. In order to fully quantify the optical and energy performance, it is necessary to test the

window unit as a whole. This can be done by testing the insulated glass unit, which for our design

includes the aerogel sealed between two panes of glass using a desiccant spacer and a silicone seal

at the edge, similar to the small prototypes shown in Figure 42.

6.2 FULL-SCALE AEROGEL PROTOTYPE

Fabrication of pristine aerogel samples were initially limited in number and size, making the

small prototypes best suited for optical and acoustic characterization. However, full window unit

thermal testing requires a large area to accurately estimate heat loss during standardized conditions

(as described in Section 2.1.1). Thermal measurements must be done on prototypes of sufficiently

large area so that edge effects and local property fluctuations (such as cracks) don't create a

dominant thermal pathway that adds error and uncertainty to the measurement. To achieve this,

we fabricated a full window prototype of size 1 x 1 sqft featuring the same sealing strategy used
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in small prototypes. However, because the aerogels cannot be fabricated in sizes larger than 8"

diameter with the lab scale equipment, several batches of samples were fabricated using the same

recipe and cut to a standard size. Hexagons were chosen as the shape used because of their tight

close packing and their ability to maximize the usable material from the standardized circular

molds used to form the raw aerogel material. The aerogel samples were made using identical

processes and handling to the greatest degree possible. Also, as samples were cut and assembled,

the excess material was saved for characterization to quantify uniformity within the prototype.

Figure 48 shows an image of this prototype.

Figure 48. Aerogel double-pane prototype made of~ 4 inch tiled hexagons. The full prototype is 12" x 12"
featuring a 2 mm thick layer of nominally identical aerogels.

The U-factor is tested using the prescribed conditions in Section 2.1.1, but it is not trivial to

simulate these conditions with accuracy at a relevant scale. One common approach is to use a

rotatable guarded hot box (see ASTM standard C136326) that uses chambers separated by an

insulating material to simulate the heat flow into or out of a building. The chambers are set at fixed

temperatures and the meter chamber is used to quantify the energy needed to maintain the

temperature difference (very similar to the guarded hot-plate method described in Section 4.1).

The energy needed to maintain the "hot" metering is used to calculate the effective thermal transfer

through the area of the prototype, representing the U-factor.
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Figure 49. Rotatable guarded hot box used to measure heat flow across a wall area. (a) Diagram showing
general design of metered chamber system." (b) System used for U-factor characterization at Oak Ridge
National Laboratories. For window prototype testing, the insulated glass unit is mounted into the center wall
section and sealed in between the "cold" and "hot" chambers. Heat flow across the prototype is measured by
monitoring the heat needed to maintain the setpoint temperatures.

Our 1 x 1 sqft prototype was sent to Oak Ridge National Laboratories and tested in their

rotatable guarded hot box, shown in Figure 49. Testing was performed for 3 different sets of

temperature set points, each representing ~ 22 °C temperature difference between chambers. The

flow of energy through the window was then used to calculate the U-factor for each set of

conditions. Table 4 shows the results of the testing and the performance modeled using the same

approach is Section 4.4.
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Figure 50. Experimental and modeled U-factor of 1 x I sqft aerogel double-pane prototype. Experimental
measurements were performed in a rotatable guarded hotbox at conditions described in Table 4. The
prototype window was made using tiled 2 mm aerogel samples.
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Table 4. Experimental results from rotatable guarded hotbox thermal measurement. Temperature difference
across the chambers was held at 22.2 °C for all runs.

Hot Chamber Cold Chamber
Temperature Temperature

Run 1 35.0 °C 12.8 °C
Run 2 1.7 °C 23.9 °C
Run 3 -17.8 °C 4.4 °C

We find that the model over-predicts insulating performance (under-predicting U-factor)

across all runs. We also notice that the measurement is more influenced by absolute chamber

temperature than predicted by the model. Both of these trends may be attributed to inconsistences

across the various samples used, and the relatively small area of the prototype. At small

thicknesses, the U-factor of the aerogel can vary by up to 30% per millimeter of material. The

highest percent difference between the model and experiment is 15% (during Run 1 conditions),

corresponding to a 0.5 mm error in thickness. The samples used in the prototype were measured

in only 2 locations on the edge of the sample in order to avoid damaging the fragile material. It is

likely that samples have deviation from the 2 mm target thickness, and that they also may not be

of uniform thickness. Unlike the select samples taking for thermal characterization using the

guarded hot-plate (see Section 4.1), the large number of samples used in this prototype limited

precision, and may have resulted in the differences seen between the model and measured

performance. Additionally, it is very uncommon for industry to test insulated glass units smaller

than 5 sqft, which also results in the measurements of this prototype having more error than a

standard test. Considering these factors, the results do indicate superior performance to air, and are

a step toward validating full window performance with an aerogel.

The goal of measuring the U-factor of this initial prototype was primarily to validate the

modeled performance and demonstrate viability of creating aerogel insulated glass stacks at

window-relevant sizes. We can now take the measured performance and use our model to

investigate pathways to increasing performance beyond this demonstration. Figure 51 shows the

modeled improvement in performance for the measured and predicted prototype performance that

can be achieved using model-guided optimization per the improvements described in Table 5. We

see that the final performance for the measured performance of the prototype is 1.5 W/m2K.
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Figure 51. Experimental and modeled U-factor of 1 x 1 sqft aerogel double-pane prototype utilizing various
additional design strategies to improve insulating performance. Description of model-suggested design
improvements are shown in Table 5. Both the experimental and model predictions of the prototype can be
improved significantly by utilizing optimized aerogels in combination with argon gas-fills.

Table 5. Experimental results from rotatable guarded hotbox thermal measurement. Temperature difference
across the chambers was held at 22.2 °C for all runs.

Legend Improvement Description

Prototype - Measured and predicted performance of prototoype
as fabricated

No Edge 20% Eliminating edge effects (achieved by fabricating a
sufficiently large prototype)

Optimized 20% Using a continuous optimized aerogel recipe of
uniform 3 mm thickness

Ar Pores 15% Replacing air in aerogel pores with >90% argon gas

Ar Gap 50% Using 3 mm aerogel and 9 mm argon gap with low-e
coating

Using this same approach, we can also explore many other integration strategies that may

provide more improvement of thermal performance for the same technical and material costs. The

material itself is >95% void, making it too weak to take the structural purpose of a pane of glass.

However, the aerogel material does add more structural integrity than a traditional gas-fill, creating

opportunity to redesign windows to use less bulk glass and framing elements. Table 6 explores

several integration strategies that have promising advantages for U-factor performance while still

fitting within the traditional double-pane footprint and weight requirements.
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Table 6. Potential insulated glass unit stack configurations with predicted performance. Images show
proposed stack designs where the aerogel (darker blue sheet) replaces some or all of the traditional gas-fill in
a double-pane configuration. The aerogel material is bonded to and supported by at least one pane of glass.

* 3 mm glass 3 mm glass
* low-e coating • low-e coating • 3 mm glass

Stack Configuration • 9mmAr 9 mm Kr • 9 mm aerogel in Ar
* 3 mm aerogel 3 mm aerogel • 3 mm glass
* 3 mm glass 3 mm glass

U-factor
0.195 0.137 0.171

(BTU/ft 2 hr-F)

Visible Transmittance 0.76 0.76 0.70

6.3 DOUBLE-PANE DURABILITY

Another important aspect of full window performance is the durability. Homeowners spend

10 years on average in their homes, so consumers are unlikely to invest in any product or

replacements with lifetimes shorter than that threshold. Additionally, the embodied energy and

cost of installation for replacing windows far outweighs the benefits unless the current products

have significant issues, such as leaks, fogging, condensation, breakage, etc. These failure

mechanisms are caused by a variety of environmental sources that compound over decades in the

building envelope. Thermal cycling, UV-degradation, freezing, humidity, etc. can all cause the

materials and interfaces to break down with time. Therefore, durability and compatibility of the

aerogel with the other materials in windows is very important to application.

Silica aerogel is made using a process that results in a pure glass material and do not contain

any coatings, polymers, or fine structures that degrade with time. We have performed rigorous

study of thermal exposure up to 600 °C (with some cycling) as well as early exposure testing

using accelerated UV and condensation testing. These results show promising resistance to

degradation; however, we plan to quantify this exposure more explicitly in future works as we

create prototypes large enough to undergo industry testing.
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6.3.1 Extreme Environmental Exposure

Thermal cycling was explored in the presence of a high-humidity environment. The test setup

was designed to expose the aerogel to extreme conditions: 400°C with -1 atm air with >80%

humidity for 8 to 24 hour increments. After exposure the aerogel was measured and subsequently

re-exposed to the same conditions until total exposure time exceeded 100 hours. The primary

properties of interest were the total visible transmittance, measured by spectrophotometer, and

the effective thermal conductivity.

The durability test was conducted in an environment at - atm with >80% humidity, while the

aerogel sample was held at a temperature of -400 C. Figure 52 shows a photograph of the setup

which consists of a commercially available ultrasonic humidifier connected to a stainless steel

chamber. The aerogel samples (>8 mm thick) were kept in a ceramic dish on the hotplate which

was maintained at 450 C to ensure a sample temperature of >400 C. Steam from the humidifier

was continuously introduced into the sample chamber to ensure humidity >80%.

d Hotplate

Figure 52. Experimental setup for extreme environmental testing. The hot plate exposes the aerogel to >400
°C on the bottom surface while the humidifier continues to bring in room temperature air at >80% humidity.
The sample is exposed to these conditions for 8 to 24 hour increments and then characterized for optical
performance.

We measured the transmittance of the aerogel samples before, during and after durability

testing. The results show an increase in the total transmittance due to an annealing effect that leads

to structural relaxation and a decrease in average scattering size observed at temperatures >300
°C.78 Figure 53 compares the transmittance of the aerogel sample fabricated using the TMOS

94



precursor before, during and after durability testing in high humidity conditions. It is important to

note that this annealing effect was mostly due to the high temperature. However, high humidity

may have caused the small fluctuations in transmittance over time. Overall, the transmittance

increased from 92.6% before the testing to about 95% after the completion of testing. Fluctuations

in transmittance over the course of testing can be attributed to the high humidity as mentioned

previously, as well as increased defects in the sample due to repeated handling.
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Figure 53. Total transmittance comparison of TMOS sample before, after 8, 16, 32 and 100 hours of
annealing at 400°C in 80% humidity. Transmittance is shown to increase with exposure to high-temperature
annealing, with no adverse effects caused by the exposure to the high humidity environment.

In addition to the optical properties, the heat transfer coefficient of the aerogel sample was

measured before and after exposure for 100 hours. Table 7 summarizes the thermal measurement

results of the durability testing of aerogel samples fabricated using both TMOS and MS-51

precursors. The heat transfer coefficient was measured between a hot junction temperature of 400

°C and cold junction temperature of ~250 °C. (TH= 400 °C, Tc = 150 °C for MS-51 post-cycling

test; result shown in Table 7 scaled to TH= 400 °C, Tc = 250 °C).

While the measured heat transfer coefficient decreased for the TMOS sample after durability

testing, it increased for the MS-51 sample. The reason for the change in heat transfer coefficient is

not entirely clear at this point. The change in IR absorption is possibly due to physical/chemical

modification of the aerogel, degradation of samples due to handling, or a combination of both.

Overall, accounting for the decrease in heat transfer coefficient when the cold junction temperature
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is maintained at 50 °C (as opposed to 250 °C for the results shown), the pre- and post-cycling heat

transfer coefficients are expected to be <10 W/m 2K for both TMOS and MS-51 aerogel samples.

Table 7. Result summary of thermal durability testing shows measured heat transfer coefficients (between
TH= 400 °C and Tc=-250 0C).

Heat transfer coefficient (W/m 2K)
Pre-cycling Post-cycling

TMOS 8.76 6.44 0.3 5.32 0.4

MS-51 8 9.60 0.5 10.6 0.7

6.3.2 Hydrophobicity & Condensation

A major potential failure mode for aerogel is exposure to liquids or humidity. Silica aerogel is

naturally hydrophilic, but the small, distributed pores within the surface cannot sustain the induced

capillary pressure mismatch when a water-vapor interface is introduced. Any liquid interface is

capable of destroying the nano-features. One commonly proposed solution is to chemically make

the surface conformally hydrophobic by treatment during the wet-gel stage as proposed by Gnay

et al. 119 However, generally aerogels made hydrophobic by chemical treatment tend to have higher

IR transmission and are less effective at suppressing heat losses at high temperatures. 20

To validate these assumptions, several samples were made chemically hydrophobic using

hexamethyldisilazane and the process described in Tabata et al.90 Table 8 shows the comparison

of hydrophobic properties to its non-hydrophobic sibling. Here we see that a hydrophobic coating

on the low-haze aerogel does not improve the relevant optical and thermal properties.

Table 8. Comparison of naturally hydrophilic silica aerogel compared to a hydrophobic aerogel. The
hydrophobic coating has almost no effect on the visible transmittance, but increases the average scattering
radius and decreases density.

Hydrophilic Hydrophobic

Visible Transmittance 96.0% 95.8%

Scattering Radius (nm) 3.12 3.37

Density (kg/m3 ) 165 147
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Next, we wanted to explore the failure mechanism for extreme condensation conditions for the

hydrophilic and hydrophobic samples. To approximate conditions for application, a solid copper

surface was mounted to a cooling loop and set to -8 °C. This block was then placed inside of a

transparent box with a programmable humidifier and temperature and humidity sensors set to test

the ambient conditions. Two samples of aerogel, a hydrophilic and hydrophobic sample made from

the same recipe, were attached to the copper block using thermal paste. Figure 54 shows the

mounted aerogels and the copper plate hooked up to a cooling loop. The aerogels were then

exposed to increasingly higher relative humidity until failure.

Hydrophilic Hydrophobic

Figure 54. Hydrophilic (left) and hydrophobic (right) aerogel samples mounted on a copper block. The

copper block is cooled via a cooling loop to -8 °C and then placed into a humidity chamber.

Table 9 shows the progression of both aerogels from initial exposure to failure. At relative

humidity < 70%, both aerogels remain undamaged macroscopically. However, above 70% ice

begins to form all around the copper bock. At this point, vapor began to condense not only around

the aerogel, but at the bottom surface of the aerogel. Initially, this started only on the hydrophilic

aerogel, but after several hours of exposure the hydrophobic aerogel experienced the same mode

of failure.

From the setup, it is unclear if the same mechanism of failure would occur if the interface of

the aerogel and the copper block were more perfectly mated, however it is apparent that if there is

an opportunity for the aerogel to condense at the bottom surface of the aerogel, that is where failure

will start. Once failure began at the bottom surface, this nucleation site grew very quickly and

damage for both aerogels occurred within an hour of continual exposure. After the aerogels were
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destroyed, the humidity conditions were removed gradually and the aerogel was allowed to dry.

The result was a densified and cracked aerogel, with both the hydrophobic and hydrophilic samples

completely damaged.

Table 9. Hydrophilic (left) and hydrophobic (right) aerogel samples exposed to increasing relative humidities.
The aerogel is attached to a cooled copper block to which the aerogel is attached with thermal paste.

Temerature -8.0 °C -7.7 °C -7.6 °C -7.2 0 C 25 °C
Relative 35.8% 55.0% 68.8% 89.4% 34.6%Humidit

6.3.3 Seal Failure

A common method of failure for double-pane windows is failure of the seal. This can allow

moisture to permeate into the interior surface which can degrade coatings, condense on the

internal surface, or lead to outgassing and fogging within the window. Additionally, seal failure

can cause the gas-fill, often argon, to lose pressure or leak that can cause degradation in thermal

performance or bowing of the sealed unit.

The aerogel reduces the performance degradation of a window during seal failure. In the

event of seal failure, the difference in aerogel performance in air (-13 mW/mK) compared to

performance in argon (-10mW/mK) is small compared to the difference between air and argon

(26 mW/mk compared to 17 mW/mK, respectively). Figure 55 shows a comparison of two

insulated glass units (no coatings) as argon is replaced by dry air over the lifetime of the window.

As described in ASTM E 2188, when the window is below 50% argon fill the window has

effectively failed. We see that the aerogel window requires an extra 25% decrease in argon

content before reaching the same U-factor as the standard double-pane.
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Figure 55. Comparable insulated glass units illustrating the degradation of performance as the argon fill is

replaced by air. The aerogel insulated glass unit can undergo an additional 25% fill loss before reaching the
same U-factor at failure as the gas-filled window.

6.3.4 Accelerated Ultraviolet Exposure

We also investigated accelerated UV exposure to ensure there were no adverse effects to the

aerogel for extended sunlight exposure. To do this, we placed an aerogel sample under a UV source

with a long-wave output peaking at 365 nm at a power of 100 W for a 0.01 m2 spot size (equivalent

to ~250 suns of UV exposure). After running the lamp for 20 hours, we removed the sample and

characterized the properties (density, scattering size, visible transmission, thermal transmission).

Results show that there was no appreciable change or degradation of any properties for an as-made

aerogel (see Table 10). This is expected as the base material of our aerogel is silica, which is known

to have high UV stability. However, if additional modifications, coatings, or layers (such as the

hydrophobic coatings discussed above) are to be used in the design of the receiver, it is important

to consider the effects of UV stability.
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Table 10. Comparison of aerogel before and after accelerated UV exposure (-250 sun equivalent for 20 hrs).
Solar UV exposure was simulated with a lamp with peak output of 365 nm at 100 W. A sample from each of
the two fabricated sample batches (discussed in the main paper) was selected to investigate the changes to
structure and performance. None of the relevant properties showed any significant change.

Sample Scattering Radius (nm) Visible Transmittance(%) Density (kg/m3 )

Before After Before After Before After
exposure exposure exposure exposure exposure exposure

Batch1 3.17 3.20 96.4 96.1 176 174

Batch2 3.22 3.22 95.5 95.2 182 204

6.4 SUMMARY

In this chapter, we present the development and testing of optimized aerogels into double-

pane insulated glass unit prototypes. This integration strategy was based on the limitations of the

aerogel mechanical properties, as well as consideration for the existing building requirements.

These prototypes were used to characterize optical and acoustic performance of full insulated

glass units and full U-factor performance of a 1 x 1 sqft prototype window. Experimental

measurements provide sufficient concept validation to allow exploration of different integration

strategies for different potential window products.

Durability and potential lifetime are also important considerations for aerogel insulated glass

units. Therefore, we also explore possible failure modes of application conditions including

extreme thermal exposure, high humidity and condensation, seal failure, and accelerated UV

exposure. The results of these early experiments are very promising, indicating that aerogel is

able to withstand temperature > 200 °C, relative humidity > 60%, and ultraviolet exposure for

more than 6 months without degradation of the nanostructure or optical quality.
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Chapter 7

7. Techno-economic Viability of Aerogel Windows

While optical clarity and thermal performance are important to the function of a window, it is

the cost-benefit of building fenestration that dictates the effectiveness. For example, installing a

triple-pane window in a home in a cold climate such as Duluth, Minnesota will yield energy

savings of about ~14%. 2 1However, these energy savings will require more than 30 years to

recover the upfront cost of the window, making it a poor choice for the average homeowner who

lives an average of 10 years in their home. Now consider a home in New York that has the original

single pane windows and frames installed 60 years ago. Winter drafts and cold, radiative glass

make indoor comfort a nightmare. In this home, the building owner may value his or her thermal

comfort more highly than the potential energy savings and the payback period may be given little

consideration. It becomes very important to understand the practical considerations for purchasing

window products in order to better develop innovative solutions for consumers.

In particular, most of state-of-the-art strategies in development today do not lead to reasonable

payback periods at the current stage. However, there are still applications for more efficient,

sustainable windows. One of the biggest drivers for energy efficient window development is the

end user's desire to reduce energy consumption and carbon emissions. Increases in the number of

passive homes and energy certified buildings has shown that building owners and occupants care

about the environmental impact of inefficient buildings. These markets drive thermal innovations

within the fenestration field, but that also means that solutions must be sustainably sourced. If

products rely on a high upfront energy cost or exotic materials, their overall impact will be greatly

reduced. It is important to keep the full window lifecycle in mind when designing new products.

Another important practical consideration for windows is the tradeoff between their benefits

in regard to lighting and aesthetics compared to their high thermal losses. In fact, codes have been

established in many cities that limit the total percentage of windows installed in a building's

envelope. 2 2 However, these codes can be circumvented if the building can demonstrate its total

energy consumption is less than an equivalent amount. One strategy to overcome this prescribed

limitation is to select windows that are nearly as insulating as traditional walls. In this case, the
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application of high-performance windows is highly valuable, but only if total cost and weight of

the full window assembly is not prohibitive.

7.1 AEROGEL COST

The complex manufacturing chain that is typical for window products (often including 4+

stakeholders) leads to a lack of motivation and/or influence by any single entity to dramatically

innovate or change the status quo. We have spoken to over 200 stakeholders within the window

value chain to understand the value we can provide to customers. In the United States market,

"Industry is now facing a revolution. It's getting harder to get better" per Barry Corden of Guardian

Glass Industries. The current insulating strategies (air gaps, coated glass, etc.) are reaching the

limitations of cost-effective improvement, leaving manufacturers without a clear path to enhance

performance to satisfy building code. A solution like high-clarity aerogel prevents conduction,

convection, and radiation heat losses in one technology, providing significant improvement.

However, a technology must also show a clear path for low-cost manufacturing in order to be

widely adopted. With a price to consumers of less than $3-4 /sqft, transparent aerogel has the same

potential as low-e coatings, which are found on virtually all new windows. This is a significant

consideration if the time and energy expended in research is to be successful in making the

transition to market and obtainable for the benefit of everyman.

7.1.1 Integration into Existing Manufacturing

The most cost-effective commercialization plan for transparent aerogel is to supply the

material directly to insulated glass unit (IGU) manufacturers (see Figure 56). An entity can produce

and sell aerogel to these manufacturers, who assemble and seal it into the IGU for residential

houses and commercial buildings. This is the most technically feasible approach to incorporate

into existing products, as it allows us to take advantage of existing manufacturing equipment and

established sales channels. The custom nature of window manufacturing makes third-party

suppliers a highly advantageous business model - this strategy is already being used for window

coatings. Furthermore, using existing manufacturing channels allows us to serve a diverse market

comprising windows with different styles, sizes, and designs without additional equipment or

costs.
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+50% energy savings
+Thermal comfort @ -25°F

Co-locate to make the material and
add it to the existing process chain

• Lower upfront costs

• Enables diverse production
Aerogel • Faster time to market

Figure 56. Typical manufacturing process for windows including the aerogel material. Insulated Glass Unit
(IGU) manufactures simply buy and seal the aerogel into a glazing unit, replacing gas fills in the current
process. For production launch, aerogel manufacturing will be co-located and include pilots targeted to
reduce any impact the aerogel material has on traditional manufacturing. Selling directly to IGU
manufacturers allows us to take advantage of the existing equipment and distribution channels.

7.1.2 Aerogel Production Costs

The window industry as a whole is characterized by its cost-competitive nature. Therefore,

adoption of aerogel in windows is driven by its amazing performance at relatively low cost.

However, currently the ultra-clear aerogel technology exists only in lab-scale sizes (6 inch

diameter samples). We have demonstrated the ability to achieve clarity competitive with glass and

thermal properties competitive with exotic gases, but with lab-scale sizes and unit economics. To

estimate the cost and price of the aerogel at scale, we must account for materials, processing, and

labor needed in a commercial process.

The major costs from this process come from capital expenditure and cost of goods sold, with

long term costs driven by chemicals (39%) and the amortization of capital equipment (18%). The

capital expenditure is dominated by large drying equipment ($2 million per 340,000 sqft of annual

material capacity) needed for production. However, by taking advantage of long equipment

lifetime (20+ years demonstrated in industry) and key partnerships with existing glass

manufacturers who are also familiar with capital intensive manufacturing, scale-up can be cost

competitive. At established production levels, amortization of each dryer normalized per sqft of

aerogel produced will be 0.32 $/sqft.
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Costs of goods per unit produced (per square foot of material at a 3 mm thickness) is driven

by a variety of sources. The production process requires well-established chemicals. In addition to

water, ammonia, pure alcohol, and carbon dioxide, the primary chemical is tetramethyloxysilane,

a ubiquitous and relatively low-cost silicate precursor. Other unit costs include:

• Labor for production (1 worker can operate 3 dryers for 3 shifts per day)
• Royalties (to license various patents)
" Non-operating capital and facilities
• Maintenance
" Utilities

These factors drive the unit cost to be $1.52 /sqft by the time production reaches 4.5 million

sqft of annual production. While initial costs are expected to be higher (~$3.5 /sqft at a 0.3 million

sqft production volume), costs can be reduced through material optimization, development of

better production processes, and increasing production to favorable economies of scale.

Maintenance
Aerogel Long Term Unit Cost ($1.52) & utilities

$0.13

Non-operating
Labor Royalties capital &
$0.15 $0.30 facilities

$0.22

Figure 57. Unit cost of aerogel production driven by chemicals needed for production. This cost can be
reached at a 4.5 million sqft production volume.

Additionally, these financial projections also represent a conservative estimate for market

adoption and government incentives. The following are all possibilities that accelerate market

penetration and/or increase internal rate of return:

• Government incentives, rebates, and subsidies
• Increased demand due to dynamic weather trends and events

• Additional cost savings by optimizing full window design for use with aerogel

• Long-term contract sales to normalize production to demand

• Secondary markets for "unfit" produced material to recover costs
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7.1.3 Sensitivity and Risk Analysis

In addition to base cost estimate, there are four key assumptions that have the largest impact on

pricing and adoption of the material. These assumptions have a key role in the successful scaling

of the aerogel as a product sold to the existing value chain.

Product demand

Key assumptions: We assume that strategic establishment and growth in the market will

allow sales to reach 4.5 million sqft production within 5 years of full launch. The driving

assumption behind this expansion rate initially conservative to allow distribution channels

to accommodate a new technology throughout the downstream value chain. We assume a

6 month lead time between purchasing additional production capacity and implementing

the production.

Sensitivity: If adoption is significantly less than predicted, the expansion plan can be

reduced to match. For example, decreasing the projected production plan by 33% only adds

20 months (1.75 years) to anticipated payback time for equipment.

Price per sqft

Key assumptions: We assume that for entry into the initial market, customers (insulated

glass manufacturers) will pay $6/sqft. As production expands, costs can be incrementally

driven down to $5/sqft through improvements in yield, fill factor for production equipment,

and continued material development. In the following years, reduction in cost continues

within the commercial sector until price reaches $3/sqft.

Sensitivity: If product does not sell at $6/sqft in our initial market, production is still

feasible but internal payback is increased. For example, reducing initial price from $6/sqft

to $5/sqft increases payback time by 16 months (1.25 years).

Material yield

Key assumptions: We assume that after 2 years of pilot production (no revenue), yield of

drying equipment can reach 95% yield at production launch. This yield then reaches

~100% by the time the aerogel reaches 4.5 million sqft of annual production.
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Sensitivity: If yield issues cannot be solved during pilot production (caused by batch

mixing variations, damage during transportation between manufacturing processes, or

drying events), it will affect internal rate of return. For example, if production launch yield

is decreased from 100% to 90% internal rate of return drops by nearly 1.5%. However, it

is very likely production can achieve >85% yield based on similar synthesis techniques

currently used in industry.

Dryer utilization

Key assumptions: We assume that at the outset of production, dryers can be utilized at 85%

capacity. This is made possible by the extensive piloting to develop precise production

schedules and maintenance routines that complement the manufacturing process. By the

time production reaches significant market share (~1 million sqft), it is assumed dryer

utilization reaches 95%, facilitated by the addition of additional dryer capacity and the

establishment of optimal labor training.

Sensitivity: If utilization of the dryers is limited, it poses a large risk to our success. In

particular, reduction in long term utilization from 95% to 85% reduces internal rate of

return by around 7%. To mitigate this risk, pilot production should be used to develop

procedures that maximize dryer output. Additionally, production can be scaled back to

increase dryer capacity until optimum utilization can be achieved, mitigating the effects on

internal return rate.

Key risks to projected growth are shown in Figure 58, where key risks revolve around

manufacturing challenges and adoption of aerogel. To mitigate these risks our projections assume

conservative growth within markets with high willingness to pay. Furthermore, even if sales

growth is slower than projected, the breakeven point for capital equipment is unchanged as long

as output per facility meets expectations. Therefore, by choosing our revenue model and growth

strategically, we can significantly reduce risk and reach a breakeven point at a sales volume far

below our projections. Similarly, increased sales growth would allow production to be increased

more quickly while remaining cost competitive.
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Figure 58. Key risks, probability of occurrence, potential impact, and mitigation strategies for commercial
production and integration of the aerogel into the existing manufacturing chain.

7.2 COST-EFFECTIVENESS OF AEROGEL WINDOWS

Currently, there are no window products that can match the performance and price of the

aerogel material. Existing products rely on 3 primary strategies to improve performance: 1) add

more layers of glass, 2) fill the space between the glass layers with insulating gases, 3) add solar

and thermal coatings to one or more of the glass panes. By adding more layers and insulating gases,

thermal performance can be significantly increased, but it also raises the cost of the product

significantly - sometimes quadrupling the cost. While adding solar and thermal coatings to glass

panes is a cheap, effective solution to reduce radiative losses, it can't prevent convection or

conduction through the window and has, therefore, reached its limit for effectiveness. These

strategies can be used in combination to meet the diverse needs of buildings, but results in a large

variance in price. Double-pane windows cost anywhere from $25 to $70 per sqft, while high-

performance triple-panes can cost as much as $90 per sqft. Figure 59 compares nominal values of

these technologies to the modeled aerogel double-pane.
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R=5.5

$55/sqft

R=3.0

$35/sqft

R=2.0 $30/sqft $33isqft

Double-pane Exotic gas-fill Triple-pane Aerogel

Figure 59. Comparison of cost added to a simple double-pane window for various solutions to increase
thermal performance. The aerogel material can be added to a double-pane window at a price point
significantly lower than triple-pane, with up to 50% better performance than exotic gases.

Other emerging products, such as vacuum-insulated glazing, face technical challenges that

affect lifetime or costs, making them orders of magnitude (10x) more expensive than existing

solutions. Porous materials that can compete with the thermal performance of aerogel face clarity

and stability challenges that preclude them from entering the traditional window market at this

stage in their development. Some have demonstrated favorable properties such as flexibility, but

without the clarity that is fundamentally linked to their larger nanofeatures, these materials will

not be adopted for traditional windows (as validated by our primary customer research).

Additionally, these materials have yet to prove cost-competitiveness with our offering. Compared

to these solutions, high-clarity aerogel has the potential to dramatically increase the insulating

performance of windows and glazing without adding substantial cost.

7.2.1 Performance Modeling

Aerogel windows have the potential to provide significant energy savings. The Building

Technologies Office Baseline Energy Calculator web tool estimates the residential homes lose

over 2 quads of primary energy each year through heating and cooling losses due to low

performance insulation in windows. A simple case study in Duluth, Minnesota shows that we can

save 30-50% of these losses at a simple payback period <5 years. Indirect cost savings such as

window lifetime, reduction in upfront construction costs, and reduced heating and cooling

equipment make the aerogel window solution even more attractive. However, considering energy
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savings alone, cold climate residences could save 2.6 GWh of energy each year simply by adding

aerogel material into new construction windows.

Table 11. Comparison of energy performance for proposed aerogel double-pane compared to traditional
window options. The case study considered a typical new construction single family home located in Duluth,
Minnesota modeled in LBNL's RESFEN energy package. Payback was calculated as the number of full year
energy savings to cover the initial cost difference for the more insulating products compared to the standard
double-pane needed to meet building code for an average home (2,000 square feet, 20 windows). Lifetime
savings is the value of energy saved after payback compared to double-pane, assuming a 30 year window
lifetime.

I= .3 : = : .: / :0.2 /

Window Cost $30/sqft $50/sqft $35/sqft

Energy Savings 14 M BTU 13 M BTU

Payback Period 25 years 7 years

Lifetime Savings $650 $2750

7.3 SUSTAINABILITY & IMPACT OF AEROGEL WINDOWS

Sustainable window products face a unique set of challenges - in an industry where the

dominant material has an embodied energy of 10 MJ/kg 23, adding materials to insulate quickly

becomes cost and/or performance limited. However, there is still opportunity for more efficient,

sustainable windows. Increases in the number of passive homes and energy certified buildings has

shown that building owners and occupants care about the environmental impact of inefficient

buildings. This means that the future of sustainable windows is not gated by low cost in market

entry, but simply that there must be a path to balance cost, lifecycle, and installed performance.

We see the underserved intersection of the affordable and efficient markets as an opportunity

to leverage our innovative material into the existing manufacturing chain to achieve both high

performance and affordability. By placing high-clarity aerogel between two panes of glass to

create a double-pane window, we can achieve performance competitive with triple-pane windows

while having the cost and installation ease of a double-pane. This results in a product that can be

up to 50% more energy efficient than 80% of windows installed in today's homes, but with a

payback period that is 3-5 times faster than triple-pane windows. In fact, If current single and

double-pane windows were replaced with aerogel windows across the United States, buildings

would be lighter, more comfortable, and more efficient - saving over 100 million tons of C02 and

$10 billion in reduced heating, cooling, and building construction costs.
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Additionally, the aerogel is a platform solution for windows, and can provide an increased

window lifetime and reduction in total materials needed, leading to a more sustainable product

line. Typical double-pane windows can have lifetimes as short as 10 years due to failure of the seal

inside the windows and degradation of coatings. As discussed in section 6.3.3 the aerogel can

prevent and mitigate the effects of these failures, increasing lifetime for windows.

The sustainability of the production process of aerogels proves a challenge. The highest clarity

aerogels are made of silica, but to reach peak performance they require high energy intensity and

expensive capital equipment that does not have advantageous economies of scale. The embodied

energy of aerogel is on the order of 50 MJ/kg, making it 5-10 times more energy intensive than

glass.1 2 4 However, significantly less material is needed to provide the same insulation (15-20 times

less material per window), resulting in a 2-4x reduction in embodied energy and GHG of an

additional air gap and pane. If aerogel performance can be pushed to extremes, it is possible that

aerogel-filled windows could outperform triple-panes in cost-effectiveness and reduction in GHG.

7.4 SUMMARY

Successful application of silica aerogels in windows requires consideration for the cost-

effectiveness of their insulating performance. To assess this, it is necessary to consider both the

cost and price of the aerogel compared to traditional solutions. In this chapter, we propose a

commercialization strategy in which the aerogel material is manufactured and supplied into the

existing window manufacturing chain. Therefore, the cost premium for aerogel double-pane

windows is driven by manufacturing equipment and cost of goods needed to manufacture the

material.

Simplified building models were used to compare the potential homeowner energy and cost

savings to the cost premium of other available products. In both cost-effectiveness (primarily

quantified by simple payback) and energy savings, the proposed aerogel double-pane outperforms

triple-pane windows. These results show promising potential for aerogel windows to enable

windows that can save billions of dollars in energy for new buildings each year.
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Chapter 8

8. Summary, Perspective, and Future Work

As the world's population grows, more buildings are needed to create work and home

environments. This means there is an ever-growing need to provide bigger, better, more affordable

buildings that optimize energy. For daylighting, this means finding the best way to use every

photon to its highest potential, and the achievement of transparent aerogel provides a promising

path for windows. In this work, we have achieve unprecedented visible transmittance of >98%,

visible haze <2.0%, and thermal conductivity of <13 mW/mK through a 3 mm monolithic slab in

ambient conditions, enabling window designs that can achieve a center-of-glass U-factor of 0.20

BTU/h/ft 2/F without adverse effects on visual clarity. This results in a product that can be 50%

more insulating than double-pane windows, and achieve performance comparable to triple-panes.

First, it is important to understand the current insulating window designs. In Chapter 2, we

introduced the industry standard figures of merit and the fundamental principles of heat transfer

and how they influence window designs. We also examined state-of-the-art technologies to

understand the opportunity that still remains for cost-effective, high performance solutions.

In Chapters 3-5, we discussed the important considerations for optimized high-clarity aerogel

for windows. This requires an understanding of the interdependent relationship between

fabrication, the resultant nanostructure, and the relevant performance properties. These chapters

present a framework for fabricating optimized aerogels that can be used tailor performance

properties relevant to a particular window application.

In Chapters 6-7, we discuss practical aspects of aerogel windows, including proof-of-concept

performance at the prototype scale and considerations for full building performance. These

practical considerations for commercialization and performance at full-window scale are critical

to achieving cost-effective aerogel windows, particularly in an industry where durability and price

are top considerations for end-users.

8.1 FUTURE WORK

The work presented here is a strong foundation for the consideration of aerogel windows.

However, there are many areas of development that can increase the commercialization of these

materials.
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8.1.1 Sound Reduction

Value-added properties such as sound reduction offer an interesting opportunity for further

development. In urban and metropolitan areas, sound pollution is a growing problem with very

few products offering cost-effective results. In areas like New York City, noise pollution has led

to a 50-100% increase in noise complaints. 1 2 5Noise can also have an impact on a residents' health

and is responsible for loss of 1.0-1.6 million "disability adjusted life-years". 126 An insulating

solution like transparent aerogel that can address the acoustic needs of urban environments with

low-frequency noise reduction could lead to higher adoption rate of energy-efficient windows.

However, more development of the aerogel's acoustic properties is needed before this impact

could be achieved.

In particular, early results of the sound transport through the aerogel indicates that in ambient

conditions, sound reduction is only slightly better than a sealed gas gap. The transparent aerogel

structure has been optimized for optical and thermal, but additional study of the nanofeatures and

surface chemistry could yield improvements on the sound proofing potential of the material

without adversely affecting the other properties. It is expected that pore pressure, porosity,

tortuosity, and water uptake due to adsorption all influence acoustic transport. Developing a more

rigorous understanding through the use of modeling and carefully designed characterization is

needed to fully quantify the potential for aerogel sound-proof windows. More development of the

understanding could uncover strategies to improve the material and/or window designs.

8.1.2 Increasing Sizes

Currently, the high clarity aerogel is fabricated at lab-scale sizes (6 inch diameter samples).

This has demonstrated the ability to achieve clarity competitive with glass and thermal properties

competitive with exotic gases, but at limited scale. The next step towards a realized product is to

demonstrate the viability of a full aerogel window. This requires resources to fabricate larger

aerogel samples and assembly into a full window prototype.

Scaling of the material to demonstrate manufacturability requires each needs to be translated

from lab-scale into pilot scale. Considerations for how to cost-effectively achieve monoliths

greater than 4 sqft include developing ways to cleanly mix and cast gels, method and equipment

for drying, as well as repeatable handling for integration into double-pane units. Future works that

can increase the success of such a pilot process includes adjusting chemical ratios and conditions
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for increased solution-gelation, developing molding and transport techniques to prevent damage

and defects, and achieving high-yield in critical point drying.

8.1.3 Prototype Development

In Chapter 6, we presented characterization of a 1 x 1 ft prototype to validate model predictions.

However, we need to validate this performance with industry standardized testing of continuous

aerogels of larger area to fully validate aerogel performance. This includes testing for both the

center-of-glass and full window performance with framing elements. If larger sizes can be

demonstrated, these prototypes would be significantly easier to assemble and test.

Additionally, considerations for varied stack configurations should be validated with

prototypes as well. In Chapter 6, we propose designs such as argon fills and air gaps that can

significantly increase performance, but these predictions have not been validated experimentally.

Prior works have also explored the use of vacuum evacuation of aerogel pores, which may be

another path to higher thermal efficiency. Successful commercialization of these designs requires

rigorous proof of the aerogel's ability to integrate and perform. Extensive exploration and

development is needed with regards to design and manufacturing of aerogel into double-pane units.

Large prototypes also enable investigation of the mechanical stability of the material during

the lifetime of operation. Residential customers have high expectations for the structural stability

of their windows; wind loading, cleaning, and weather events need to be designed and tested for.

As the material technology is developed for optical, thermal, and mechanical properties, we also

need to demonstrate the feasibility and performance of the material for end-users.

8.1.4 Full Building Model

Another important aspect of aerogel windows is their full impact on building comfort. In

Chapter 7 we presented a simple building energy analysis based on predicted window

performance. However, there are many considerations for different building types, climates,

configurations, window types, etc. that influence the full performance of a window in a building.

Select case studies for applications where aerogel windows can provide additional benefits may

be highly advantageous in increasing commercialization potential.

For example, in extremely cold climates the benefits of high-performing windows reach

beyond energy savings. Homes in locations like Manitoba and Saskatchewan, Canada have a huge

need for high thermal performance, but have also demonstrated a high willingness to pay for
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thermal comfort and window lifetime. Of the 10,000 new homes built each year in these provinces,

customers are 8 times more likely to choose triple-panes than the national average despite the

higher cost and payback period.7 This is a market that needs high performance just to maintain

acceptable thermal comfort.

8.2 PERSPECTIVE ON THE FUTURE OF DAYLIGHTING

The next generation of daylighting systems will rely on material innovations and

advancements. The most universal truth for buildings is that no two are exactly the same, and this

means the needs of our buildings vary. Architects and engineers demand a diverse set of affordable

materials to achieve optimum solutions, especially as our needs change and grow with time.

Current advances include transparent insulating materials (TIMs), such as porous films or the

transparent aerogels presented in this work, that overcome the thermal limitations that cause large

windows to be impractical in many climates. Other material development is being used to create

transparent/translucent photovoltaic cells that can harvest unused solar energy outside the visible

spectrum. Additionally, many of the materials and elements currently being used in daylighting

(such as reflectors, prisms, collectors) are constantly being improved to increase performance

through careful study and optimization of structures and material properties.

The future of daylighting will also rely on advances in automation and control. 127 Automated

control that can reduce energy needs has the potential to save considerable amounts for owners

and tenants. Adaptive controls have the ability to reduce or eliminate varying non-idealities that

can cause issues for occupants or processes. Instantaneous control allows for people and spaces

to create the best environment for their productivity and comfort. Systems that use one or more

of these approaches are becoming more and more prevalent, and will soon be an essential part of

daylighting in new constructions.

Many daylighting elements already serve multiple purposes, such as thermal management or

aesthetic elements, but future systems will include even more multi-functionality. As we push the

limits of versatility and design, the same elements that provide natural light can also address other

issues, such as energy collection and acoustic control. By combining advancements in materials,

controls, and overall design, the future of daylighting, and aerogel's place in that endeavor, is

indeed bright.
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