
CONSTRUCTION TECHNOLOGY

Aerogel-Based Coatings and Insulation Systems: A 
Technical Guide to Next-Generation Building Envelopes
Published: March 26, 2025  |  Index ID: #868

The global push toward carbon neutrality and energy efficiency has placed the building sector under intense 

scrutiny. As buildings account for approximately 40% of global energy consumption and 36% of CO2 emissions, the 

demand for high-performance insulation materials has never been higher. Traditional insulation materials, while 

effective, often require significant thickness to achieve desired thermal resistance, which can be problematic in high-

density urban environments or when retrofitting heritage structures. Enter silica aerogels: a class of materials that 

represent the pinnacle of thermal insulation technology. Originally developed for aerospace applications by NASA,

aerogels are now being adapted into coatings, mortars, and window systems to revolutionize the building envelope.

The Theoretical Framework of Aerogel Insulation

Aerogels are synthetic, ultralight, porous materials derived from a gel in which the liquid component has been

replaced with a gas. The resulting structure is a solid with extremely low density and low thermal conductivity. To

understand why aerogel-based coatings are so effective, one must examine the three modes of heat transfer:

conduction, convection, and radiation.

The Knudsen Effect and Nano-Porosity

The core mechanism behind the superior performance of silica aerogels is the Knudsen effect. Thermal

conduction in gases occurs through the collision of molecules. In a standard atmospheric environment, the mean

free path of an air molecule (the average distance it travels before hitting another molecule) is approximately 70

nanometers. Silica aerogels possess a pore structure ranging from 10 to 100 nanometers. Because these pores

are smaller than or equal to the mean free path of air molecules, the molecules are more likely to collide with the

solid silica framework than with each other, effectively suppressing gaseous thermal conduction.

Structural Composition

Most aerogels used in the construction industry are silica-based. The skeletal structure consists of interconnected

clusters of silica nanoparticles. This structure is highly tortuous, meaning the path for heat to travel through the

solid framework is incredibly long and inefficient, which minimizes solid-state conduction. Furthermore, because the

pores are so small, convection (the movement of air within the material) is virtually eliminated.

Technical Analysis of Aerogel-Based Coating Mortars (ACM)

Aerogel-based coating mortars (ACM) represent a significant leap in material science for energy-efficient

retrofitting. Unlike traditional thick-panel insulation (like EPS or Mineral Wool), ACM can be applied as a continuous

layer, minimizing thermal bridging and conforming to complex architectural geometries.

Thermal Conductivity and Performance Metrics

Standard cementitious mortars typically exhibit thermal conductivities (;²’��&÷VæB��ãR�Fò��ã��W/m·K. In contrast, 

aerogel-based coating mortars achieve thermal conductivities in the range of 0.030 to 0.050 W/m·K. This allows 

a 20mm layer of ACM to provide the same thermal resistance as several centimeters of traditional plaster, making it 

an ideal solution for listed masonry buildings where preserving the original aesthetic and interior space is critical.



The Sol-Gel Manufacturing Process

The production of aerogel particles for coatings follows a rigorous chemical process:

1.  Gelation: A precursor (typically tetraethyl orthosilicate or TEOS) undergoes hydrolysis and condensation to 

form a wet gel.

2.  Aging: The gel is left to strengthen its silica network.

3.  Supercritical Drying: To prevent the collapse of the delicate pore structure due to capillary forces, the liquid in 

the gel is removed under supercritical conditions (often using CO2), leaving the solid structure intact.

4.  Hydrophobization: Since silica aerogels are naturally hydrophilic and can collapse when exposed to 

moisture, they are often treated with organosilanes to make them hydrophobic.

Comparative Evaluation: Aerogels vs. Traditional Insulation

To understand the market positioning of aerogel-based solutions, we must compare them against conventional

materials across several key technical dimensions.



Material Property Silica Aerogel 
Coating

Expanded 
Polystyrene (EPS)

Mineral Wool Vacuum Insulation 
Panels (VIP)

Thermal 
Conductivity (W/m·K)

0.015 - 0.050 0.030 - 0.040 0.035 - 0.045 0.004 - 0.008

Density (kg/m³) 70 - 200 15 - 35 30 - 150 150 - 250

Water Vapor 
Permeability

High (Breathable) Low High Zero (Impermeable)

Fire Class A1 - A2 (Non-
combustible)

E (Flammable) A1 (Non-
combustible)

Variable

Thickness for R=2.0 
(m²K/W)

~40-60mm ~80mm ~90mm ~15mm

Advanced Applications: Plasmonic Windows and Solar Walls

Beyond opaque wall insulation, aerogel technology is making inroads into transparent and translucent building 

components. Plasmonic aerogel windows are an emerging technology that combines the thermal insulation of 

aerogels with structural coloration. By incorporating metallic nanoparticles into the aerogel matrix, these windows

can selectively filter or reflect specific wavelengths of light, providing both shade and thermal resistance without the

need for mechanical blinds.

Translucent Insulation for Solar Walls

Aerogel granules can be integrated into the cavity of double-glazed windows or solar walls. Because aerogels are 

composed of pores smaller than the wavelength of visible light, they can be engineered to be highly translucent. 

This allows for natural daylighting while maintaining a thermal barrier comparable to a solid insulated wall. Recent 

studies show that aerogel-incorporated concreteand translucent panels can reduce heating and cooling loads by

up to 30% in temperate climates.

Practical Implementation and Field Guide

Applying aerogel-based coatings requires precision to ensure the structural integrity of the nanoporous particles is

maintained during the mixing and application phase.

Step-by-Step Application Procedure for ACM

•  Surface Preparation: The substrate (masonry, concrete, or stone) must be clean, dry, and free of loose debris. 

For listed buildings, existing paint layers may need to be removed to ensure proper adhesion.

•  Mixing: Aerogel particles are fragile. Mixing must be done at low speeds to prevent the mechanical crushing 

of the aerogel beads, which would lead to a significant increase in thermal conductivity.

•  Application Layering: ACM is typically applied in layers of 10mm to 20mm. A 10-mil thickness (approx. 

0.25mm) coating, as seen in some specialized industrial PTFE/aerogel blends, is used for high-temperature 

protection (up to 320°F), but for building envelopes, thicker coats are required.

•  Finishing: A breathable, hydrophobic topcoat is applied to protect the system from liquid water while allowing 

water vapor to escape from the building structure.

Moisture Management and Durability Challenges



One of the most critical aspects of aerogel-based coating systems is their interaction with water. Research into 

increasing water absorptivityand moisture absorption of these coatings reveals a dual-edged sword. While the

material must be breathable to prevent interstitial condensation within the masonry, excessive moisture absorption

can lead to a drastic reduction in thermal performance.

The Hydrophobicity Requirement

If water enters the aerogel pores, it replaces air (k "H 0.026 W/m·K) with water (k "H 0.600 W/m·K), effectively 

destroying the insulation value. Modern ACM systems utilize organosilicon compoundsto ensure the internal

surface of the pores remains hydrophobic. However, in historic retrofits, the balance between stopping liquid water

ingress and allowing vapor diffusion is vital to prevent the decay of the underlying timber or stone.

Mathematical Modeling of Energy Savings

To quantify the impact of silica aerogel insulation, engineers use the steady-state heat transfer equation for the

building envelope:

Q = U × A × 9E@

Where: Q = Heat loss (Watts)U = Thermal transmittance (W/m²K)A = Surface area (m²)9E@= Temperature difference

between inside and outside (K)

By replacing a standard lime-cement plaster (U "H 2.5 W/m²K) with a 30mm aerogel mortar (U "H 0.8 W/m²K), the heat

loss through the wall is reduced by over 60%. Simulation-based rapid assessments have shown that even thin

applications of aerogel-based coatings can shift a building's energy rating from a 'D' or 'E' to a 'B' or 'C' without

major structural changes.

Summary and Strategic Outlook

The integration of aerogel technology into the building envelope represents a paradigm shift in architectural design. 

By moving away from bulky, space-consuming insulation toward thin, high-performance coatings and mortars, we 

can address the energy efficiency gap in both new constructions and the vast existing building stock. The technical 

benchmarks of 30-50 mW/m·Kthermal conductivity, combined with non-combustibility and breathability, position

aerogel as the gold standard for the future of sustainable masonry and envelope retrofitting.

As manufacturing processes scale and costs decrease, the adoption of silica aerogel insulationwill likely move

from niche high-end projects and NASA-derived industrial applications to the mainstream construction market. The

focus will remain on perfecting the moisture resistance and mechanical durability of these systems, ensuring they

provide a lifespan equivalent to the buildings they protect. Ultimately, the development of translucent windows and

3D-printed aerogel skins suggests that the buildings of the future will be lighter, thinner, and significantly more

thermally resilient than those of the past.
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