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Aerogels: A New Generation of High-Temperature
Thermal Insulators for Power Plant Applications
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Pt - High-temperature aerogels have attracted significant attention as promising
insulating materials in the power industry due to their exceptional thermal

insulation properties and low density. With recent advancements in production techniques, the
thermal resistance of these aerogels has been significantly improved. Specifically, polyimide-
based aerogels can withstand temperatures up to 1000 °C, zirconia-based aerogels up to
1300 °C, silica-based aerogels up to 1500 °C, alumina-based aerogels up to 1800 °C, and
carbon-based aerogels can endure temperatures up to 2500 °C. This article systematically
reviews recent advancements in the thermal insulation performance of these five materials.
It also details the thermal resistance of aerogels and their thermal insulation mechanisms,
examining the impact of doping elements on the thermal conductivity of aerogels. Further-
more, various methods for producing aerogels capable of withstanding high temperatures are
consolidated. Finally, recent applications of these materials in power plant uses are presented.
A thermal imaging survey of the furnace chimney, which was insulated with basalt fibers and
aerogel, was conducted, and the temperature of the flue gases was controlled by determining the
required ratio of natural gas and oxidizer flow. The results showed that aerogel outperformed
basalt fibers in all key thermophysical properties.
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Table 1. Traditional Thermal Insulations and Their Characteristics [2].
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Insulator Description Advantage Disadvantage Thermal
Conductivity
It has low resistance
) ) to moisture and vapor
Fiberglass is a type of ther- . .
; ; ; . ) | penetration, which can
mal insulation with a fibrous [ With various densi- )
v | ties. it is lightweight reduce thermal resis-
structure. It is typica tes, it 1s lightweight, : . i
YPIeaty ) tance in humid condi-
made from recycled glass | easy to install, fire-re- | o
) ; : tions, produce silicic
combined with regular sand | sistant, and has a very .
Fiberglass , , acid in the presence of [ 0.039-0.054
and a special resin, demon- | low smoke and fire .
) ; moisture, and promote
strating excellent thermal | spread  coefficient,
i i - L the growth of mold and
resistance. This material is | making it useful as .
d insulati bacteria. There are also
roduced by melting glass sound 1nsulation. .
g y - L respiratory hazards and
and converting it into fine . L
skin and eye irritations,
fibers. . .
along with an increased
risk of cancer, particu-
larly lung cancer.
Asbestos fibers are obtained They have a relatively
; ) They are non-flam- [
Asbestos | by separating natural miner- . high thermal conduc- 0.6
- . ) mable, heat-resistant, | ~ ) ‘
Fibers al silicates with a crystalline : : tivity and are carcino-
and chemically inert.
structure in thin strands. genic.
Cellulose insulation is a fi-
brous material made from
It is fire-resistant, | It requires skilled labor,
paper, raw paperboard or
Cellulose | Wood, along with binders, highly recyclable, | has a long drying time,
Insulation | flame retardants, and other and prevents moisture | and consumes signifi- 0.04
miliies, or wtiens fdhem transfer. It is also envi- | cant energy during pro-
Major raw materials include ronmentally friendly. duction.
newspapers, cardboard, fab-
ric, straw, and hemp sawdust.
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Rock Wool

Rock wool, or mineral wool, is
an inorganic and non-metallic
material made from very fine
fibers of volcanic rocks such
as basalt and dolomite, along
with a certain amount of iron
furnace slag. It is produced by
melting basalt at a tempera-
ture of 1500 degrees Celsius
and then obtaining fibers with

a thickness of 6 microns.

It has a high operating
temperature range and
is suitable for thermal
insulation in refinery
andpetrochemicalindus-
tries, and for pipelines.
It features low thermal
conductivity and lower
costs compared to elas-
tomeric insulations,
along with recyclability

and good stability.

It is prone to defects, re-
sulting in low resistance
to water and vapor pen-
etration. The thermal
conductivity increases
with rising temperature
and humidity, necessi-
tating moisture-resistant
coatings when installed
in outdoor or high-hu-

midity environmentg.

0.039-0.047

Silicate

Insulation

This type of insulation is a
combination of mineral mate-
rials and ceramic fibers along
with silica particles and metal
oxides such as calcium, mag-
nesium, or aluminum, which
are combined at high temper-
atures. This insulation can be
manufactured in blanket form

or as solid bricks.

It is resistant to ther-
mal shocks and non-
flammable; resistant to
corrosion and chemical
compounds; has rela-
tively good compres-
sive strength and high
stability; and does not

corrode steel and iron

pipes.

It is sensitive to mois-
ture and water vapor
penetration, making the
use of moisture-resis-
tant coatings mandato-
ry due to its sensitivity

to humidity.

0.055

Polyethyl-

ene

Polyethylene insulation is a
flexible closed-cell type, di-
vided into two categories:
EPE (Expanded Polyethyl-
ene) and XLPE (Cross-linked
Polyethylene). In addition to
its insulating properties, poly-
ethylene has a wide range of
applications in various indus-
tries, including dampers, vi-
bration and shock absorbers,
packaging, and various types

of sleeping and sports mats.

It is easy and quick to
install, has a moisture
permeability coefficient
of nearly zero, is resis-
tant to pollution and
corrosion,  withstands
pressure and impact, is
flexible, non-toxic, and

has high stability.

It has a relatively high
cost, can undergo per-
manent deformation
and collapse if the tem-
perature exceeds a cer-
tain range, and lacks
stability against thermal

shocks.

0.033

Polyure-

thane

Polyurethane insulation is a

type of rigid closed-cell insu-

lation considered a cold insu-

lation material. When sprayed,

polyurethane requires special

equipment and the presence
of skilled labor

It has a very low thermal
conductivity, making it
suitable for thermal in-
sulation, particularly for
industrial applications.
It offers high resistance

to abrasion and corro

Insulation requires
greater thicknesses and
diameters if injection
polyurethane is needed,
necessitating skilled op-
erators and specialized

equipment. If the work

0.030-0.033
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is essential for achieving
the best results. One of the
main applications of poly-
urethane is as insulation

used in sandwich panels.

sion, as well as to acids,
solvents, and moisture.
Additionally, it is high-
ly resistant to microbi-
al, fungal, and biologi-

cal contaminants.

ing temperature exceeds
the permissible range,
the thermal resistance of
polyurethane significantly
decreases, it can ignite,
and in the event of a fire, it
produces toxic gases. Pre-
formed blocks and shapes

of polyurethane insulation

can generate dust.
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Table 2. Applications of Aerogel Insulation Products, Savings Benefits, and Their Economic Relevance [2].

round trip, fewer trips

Application Installation and assembly cost Operating cost
Smaller  pipe diameter, lower Superior lifetime improved
Off-shore oil and gas weight, more pipes per installation P ’ P

degradation resistance

Aeronautics/aerospace

Simplification of overall design,
light construction, and size reduction
lowers materials/ assembly cost

Smaller gross weight results in
results in fuel savings or additional

Building insulation

Comparable  to conventional
insulation, currently more elaborate
due to a lack of experience

capacity
Reduction of  heating/cooling
energy and/or larger wuseable

building/exterior volume

High-temperature insulation

Smaller overall pipe diameter
or exterior dimensions, easier
installation

Reduced surface area per unit
length, lower radiative losses,
improved resistance and lifetime

Cryogenic applications

Smaller overall pipe diameter
or exterior dimensions, easier
installation

Reduced sensitivity to cryo-
embrittlement, increased lifetime,

energy and/or space savings

Appliances and apparel

Significantly more complex than
standard technology

Energy savings/increased thermal
comfort for lightweight extreme
performance personal wear/ gear
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Figure 1. Classification and application of high-temperature

aerogels [8].
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Figure 2. (a—c) Heat insulation mechanism and temperature resistance of ceramic nanofiber—particle composite aerogel [25] (a) Schematic
illustration depicting factors contributing to the thermal conductivity of the ceramic nanofiber-particle composite acrogel. (b) Ceramic nanofi-

ber—particle composite acrogel exposed to a butane blowtorch flame without any destruction. (c) Cross-sectional SEM images of the ceramic
nanofiber—particle composite aerogel sintered at high temperatures up to 1100 “C. (d) Schematic illustration demonstrating the mechanism for
achieving thermal superinsulation. (¢) The photograph and SEM image of the aerogel after being treated by the butane blowtorch for 30 min.

(f) Thermal conductivities of the SiC/SiO, nanowire aerogel in axial and radial directions [26].
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Figure 3. Fire Resistance and Thermal Insulation Mechanism Diagram of Carbon-Based Aerogel:(a) Schematic diagram illustrating

the thermal insulation mechanism of SiCF/PR. Setup of the butane torch combustion test and thermographic pictures of the backside

for a 3 cm thick sample after 5 min. Front and side views of the combustion test [39] (b) Schematic diagram illustrating the thermal

insulation mechanism of SiBCN/SiC/IP [38] (c¢) Schematic illustration of the thermal insulation mechanism and optical photograph of

the butane spray gun ablation test [39].
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Figure 4. Fire resistance of sheet and rod-shaped aluminum-silica aerogels. (a) Scanning electron microscope image of sheet aerogels.

(b) Thermal shrinkage of the sample at different temperatures. (c) Thermal insulation mechanism. (d) Thermal imaging of the combustion

experimental device and sample [48] (¢) Scanning electron microscope image of rod-shaped aerogel. (f) Thermal shrinkage of the sample

after heating for 20 min. (g) The thermal insulation mechanism of rod-shaped CE/SiCF/Mo aerogel. (h) Thermal imaging of the combustion

experimental device and samples [50] .
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Figure 7. Thermal imaging of the chimney at 300 ‘C [63].
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“1 Figure 9. Thermal imaging of an insulated chimney at 600 ‘C, measurements (‘C): M1—47.5; M2—59.6; M3—72.0;
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; M14—80.2 [63].
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Table 3. The results of measurements [63].

Insulation Surface Temperature (°C
Type of Insulator | Pipe Surface Temperature (°C) P & Avefra.ge
T T average Deviation
300 439 51.4 473 1.6
Aerogel
600 44.6 81.2 62.9 9.1
Basalt fibe 300 34.7 53.2 41.2 4.5
600 53.6 80.2 64.7 8.4
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Figure 10. Parameters of insulating materials according to technical documentation: (a) minimum thickness; (b)

thermal conductivity [63].
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