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The introduction of low-emissivity coatings has been a quintes-
sential contribution to improve the energy efficiency of modern 
windows. Dramatic improvements in low-e coatings (especially 

through silver-based “soft” sputter coatings) and stack designs have 
yielded a vast range of solutions for various climatic, aesthetic and 
comfort requirements. However, to achieve maximum thermal insula-
tion especially for cold-climate regions in modern concepts such as 
Passive Houses (where the solar irradiation contributes to the heating 
of the building), low-e coatings alone do not provide the best results – 
they typically need to be combined with insulating gas cavities to form 
insulating glazing units (IGUs). With the emissivity and spectral perfor-
mance of coatings almost at their theoretical optimal levels, improve-
ments of insulation performance to meet modern energy efficiency 
standards can be improved primarily by adding additional gas cavities, 
which increases the weight and thickness of windows due to the addi-
tional glass panes. Replacing the internal glass panes with suspended 
thin, low-e coated polymer films can effectively address these chal-
lenges, and has proven to be a robust solution for highly insulating IGUs 
for residential and commercial architectural windows. The design and 
production of the low-e coatings must be adjusted to the constraints of 
the polymer substrate and integration aspects into the IGU to ensure 
optimal performance at a cost that supports broad market adoption.

Introduction – contribution of architectural windows to 
energy efficiency 
According to government studies, about 49% of the entire energy con-
sumption in the US is spent on heating and cooling buildings. Of this 
amount, approximately 30% [1] or 12% of total energy consumption is 
attributed to windows, representing an annual impact of 4.1 Quads [2]. 
Highly insulating windows with U-factors as low as 0.09 BTU/hr-ft2-F 
can deliver a potential annual U.S. residential energy savings of 1 Quad/
year over the business-as-usual sales case [2] which would translate to a 
CO2 emission reduction of 67 million tons/year [3]. This savings level is 
largely limited to the residential market in the heating-dominated colder 
climate zones and is best achieved with “Passive House” technologies 
that combine high thermal insulation performance and controlled air 
infiltration with the capability to maximize the contribution of solar 
radiation to heat the house.

“Passive House” window design – combining insulation 
with solar heat gain
Passive house window design can be characterized by two fundamen-
tal functions: (a) the capability to retain or reflect long-wavelength 
radiation inside the house (at the wavelength of approximately 10 
micrometer for a blackbody at 24°C room temperature), and to (b) 
admit a maximum of solar irradiation (in the wavelength range of 0.3 
to 2.3 micrometer). This performance represents a bandpass filter with 
a  transition from high transmission in the visible/near-infrared (IR) 
region to a high reflection in the mid-/far-IR region. Thermal insula-
tion performance of a window is described through the “thermal con-
ductivity” (U-factor) or its inverse value “thermal resistivity” (R-value). 
The capability to admit solar energy is described as “Solar Heat Gain 

Coefficient” (SHGC), which is the fraction of incident solar radiation 
admitted through a window, both directly transmitted and absorbed 
and subsequently released inward.

While no formal performance value have been defined for a “pas-
sive house” window, a recent research program by the U.S. Department 
of Energy [1] sets a goal of uwindow=0.1 BTU/hr-ft2-F (R-10) and 
SHGC=0.5 for emerging windows geared to perform at the highest level 
within this segment of the market.

The resulting window design is a combination of insulating cavities 
and low-e coatings. Ideally, the cavities should be vacuum, however 
such windows have never gained broad market traction due to tech-
nical, aesthetic and reliability constraints; the common solution is to fill 
the cavities with a low-conductivity noble gas.

Modeling of thermal performance of windows
Thermal modeling of windows was performed in a separate study [4] 
with WINDOW [5] software, utilizing IGDB [6] data (note: the  latest 
software version is WINDOW 7, and the current IGDB version is 
29.0.0). The software allows analysis of standardized sizes and designs 
of residential windows, calculating U-factor, SHGC and several other 
performance values. For that study, two window types commonly  
found in the North American market were analyzed: “vertical slider” 
and “picture”.

The model calculates the thermal and optical performance analysis 
of the key window components “frame”, “edge-of-glass” (EOG, typically 
a 2-inch perimeter adjacent to the frame) and “center of glass” (COG), 
all of the remaining glass in the window system, and the primary com-
ponent influenced by thin film coatings. Within WINDOW, several 
default options are available for frames and EOG, with modeling details 
available in [4]. COG was modeled from a wide range of commercially 
available glass and low-e coated film types that can be configured as 
multi-cavity designs with specified cavity count, spacing distance and 
gas fill within the unit’s cavities. 

Modeling Results
The conductance of a window is calculated as the sum of the area 
 contributions of the three components frame, Edge and COG:
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The area contributions from the two window designs examined in 
[4] vary considerably, and the resulting U-factors highlight the impor-
tance of increasing the window aperture and minimizing edge and 
frame contributions for effective Passive House designs.

COG contributes the lowest conductivity and the largest area, and 
thus has the biggest leverage on window performance. It is notable that 
even through the areas for frame and edge are less than a third of the 
area for COG, they strongly dominate the thermal losses of the window, 
particularly in the vertical slider which has a larger area contribution of 
frame and edge in comparison to the picture window. Also, edge and 
frame typically have higher conductivities compared to COG, conse-
quently the adoption of “warm edge” solutions is an important trend in 
the glazing industry. From a window design perspective, the significant 
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thermal losses incurred from the window frames call for minimizing 
their cross-section in a window, which can be achieved by reducing the 
structural load on the frames through light-weight IGUs with optimized 
overall thickness.

Center of Glass (COG)
COG performance is determined by the design of the IGU. Design 
variables are the thickness and type of glass, type and location of low-e 
coatings, number of cavities (in multi-pane IGUs), the overall thickness 
(OAT, or “Pocket Width” in the frame) which determines the width of 
the cavity, and the gas filling within the cavities.

Figure 1 summarizes the effect of various design variations on the 
thermal performance (U-factor) and SHGC of an IGU. For reference, a 
single-pane window typically has a UCOG=0.93 BTU/hr-ft2-F. Filling a 
non-low-e dual-pane (single-cavity) IGU with Krypton gas achieves a 
UCOG=0.445 BTU/hr-ft2-F. Krypton filling an IG represents the highest 
“commercially viable” performance for a single cavity IGU without a 
low-e coating.  Krypton is the best-performing fill gas commonly used 
in the glazing industry, but its cost is a factor of approximately 500 
times higher than that of argon, and thus can not be considered for 
large-scale low-cost glazing solutions. Therefore, Argon-filled IGUs are 
the de-facto standard for high-performance mass-market IGUs.

Adding a low-e coating (in this case and as an example, a modern 
sputtered high-SHGC-capable single-silver “LoE-180™” softcoat pro-
duced by Cardinal Glass Industries, and denoted as “180” in the figures) 
to the single-cavity IGU (filled with industry-typical argon/air mixture 
of 90/10 vol%) improves the UCOG to approx 0.26 BTU/hr-ft2-F. Note 
that there is an optimum cavity width (in this case for an OAT of 0.69”) 
that is largely determined by the conductive thermal and fluid proper-
ties of the fill gas.

Fig. 5: Insulation Performance of several IGU designs vs. Pocket Width
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Figure 1: Insulation Performance of several IGU designs vs. Pocket Width

A further improvement towards an R-10 window of conventional 
design (low-e coated glass with argon fill) can be achieved through 
adding one or two cavities and widening the IGU to accommodate suf-
ficient cavity width. Dual-cavity design achieves an optimum of approx 
UCOG=0.13 BTU/hr-ft2-F. Two variations are shown, one is an all-glass 
(triple pane) construction with a low-e coating per cavity, the other 
is a variation with a suspended low-e-coated polyester terephthalate 
(PET) polymer film (in this case and as an example, Heat Mirror 88 
produced by Southwall Technologies, denoted as “88” in the figures), 
which reduces IGU weight and OAT by replacing the center glass. The 
glass-based solution shows an advantage in the U-factor/SHGC balance, 
indicating the optimized silver quality that can be achieved on glass 

continued on page 52
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substrates as compared to polymer substrates. Performance exceeding 
UCOG=0.1 BTU/hr-ft2-F can only be achieved with three or more cavi-
ties and an OAT of greater than 1.75”. Such windows (and especially 
patio doors) are very challenging to build, install and use with all-glass 
construction due to the significant weight increase of the additional 
glass, whereas separating the cavities with low-e coated polymer films 
effectively eliminates any increase in weight and allows for narrower 
overall OAT. Improvements from adding additional cavities (beyond 3) 
are modest especially for OAT dimensions less than 2”, mostly because 
the cavities can not be made sufficiently wide to optimize the fill gas’s 
thermal transfer characteristics. Adding more cavities will also reduce 
the SHGC (due to the transmission losses of added glass/film and coat-
ings), which is already below 0.5 for a 3-cavity IGU with low-e coatings 
in each cavity. Hence, three cavities, with four glazing layers, represents 
a potential “sweet spot”, with significantly improved thermal perfor-
mance, while maintaining acceptable levels of solar gain (SHGC).

The selection of low-e coatings from the broad range of available 
options is important to maximize the performance of a “passive house” 
window. Figure 1 includes a comparison of replacing three low-E single-
silver coatings of a three-cavity unit with a single “LoE366TM” (triple-
silver low-E glass produced by Cardinal Glass, denoted as “366” in the 
figure) on the outermost (cold) glass. Such a design might be desirable, 
as it reduces the amount of sensitive low-e-coated glass required to 
build a multi-cavity IGU. Although the two configurations contain 
 approximately the same amount of silver for the low-e functionality, the 
single-coating option is significantly less effective, and also reduces the 
SHGC significantly, and thus is not a successful approach for a passive-
house window.

The take-away from Figure 1 is a design concept for Passive House 
windows that must effectively incorporate multiple cavities combined 
with a high-efficiency (soft-coat) sputtered single-silver low-e coatings 
in each cavity. The width of the cavities can be improved through the 
use of thin polymer films especially if the overall thickness of the IGU 
is constrained. The incorporation of suspended polymer films also 
 supports a lower overall IGU weight. 

High-efficiency soft-coat low-e coatings
COG performance is highly dependent on the quality of the low-e 
coating. Most modern high-performance low-e coatings for glazing 
applications rely on silver as the infrared-reflecting filter element, and 
the quality of the silver film is characterized by achieving low emissivity 
at the highest possible visible or solar transmission. The best-perform-
ing silver films are sputter-coated on smooth substrates to suppress 
absorption-inducing plasmon resonance interference effects [8]. Also, 
it has been shown that special seed layers that achieve a homogeneous 
and fine grain structure improve the performance of low-e coatings [9]. 
From a web coater equipment and process control perspective, the best-
performing silver films are deposited in process conditions that inhibit 
detrimental silver oxidation [10] by ensuring good gas separation from 
adjacent reactive sputter processes that deposit the dielectric layers.

When applied in IGUs, silver-based low-e coatings are generally 
located inside the gas-filled and desiccated IGU cavities, and are thus 
well-protected from deleterious environmental influences that would 
otherwise lead to tarnishing of the silver layers. This enables multi-
decade service life and has been demonstrated regardless whether the 
substrate is glass or a polymer, without the use of protective barrier 
coatings, as long as the IGU seal stays intact.

While most high-performance low-e coatings are intended for use 
within the IGU (or embedding into a laminate), recent developments 

have yielded soft-coat low-e coatings on PET with emissivity below 0.1 
that can be exposed to the environment (in this case the inside of the 
window) in the form of applied window films [11].

Aesthetics: Reflected Color
Architects and homeowners are often concerned about the appearance 
of glass, primarily their reflected color. Here, the reflected color appear-
ance is not only a result of the outermost surface but a composite of the 
reflections and transmitted optics throughout the entire IGU package. 
Undesirable variations in color are often caused by replacing windows 
with different low-e coatings, or variations in IGU design (cavity count, 
shading) within the same façade. Figure 2 shows the shift of reflected 
color (at normal incidence) in the Ra*/Rb* coordinate space (of the 
La*b* color system), starting from the slight green color of standard 
float glass. Additional low-e coatings and cavities move the reflected 
color further towards blue (and green in the case of all-loE180-coated 
glass). While not shown here (and difficult to model without detailed 
knowledge of the low-e coating stacks), color variations can be even 
more pronounced at non-normal viewing angles.Fig. 6: Reflected Color for various glazing designs
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Figure 2: Reflected Color for various glazing designs

The optics of a low-e coating are determined by the thickness and 
index of refraction of the dielectric and silver layers. The color of the 
substrate (glass or polymer) also influences the aesthetic characteristics. 
Integrating PET-based low-e coatings into an IGU can maintain a more 
neutral color (due to the inherent color of the PET and its thinner 
cross-section) compared to typical low-e coated soda-lime float glass.

Other Improvements in low-e web coatings  
for IGU integration
In order to expand the design variations for IGUs, low-e coatings can 
be coated on both sides. This allows different glazing combinations to 
 satisfy the “one low-e coating per cavity” design guideline. Also, low-e  
coated PET films with lower Tsol or Tvis performance can be used to  
increase shading or reduce glare (and consequently a diminished-
SHGC). And similar to dual-silver low-e coated glass, multi-silver 
low-e stacks are available on PET films. These products improve solar 
 selectivity, i.e. they improve the “bandpass” function at the transition 
between the visible (high transmission) and near-infrared (high reflec-
tion) spectrum.

Cost reduction is another ever-present goal particularly to support 
broad adoption of energy-efficient windows, and low-e films can benefit 
from the same trends seen elsewhere in the glazing industry: ways to 
mitigate the dependence on relatively costly indium for dielectric oxide 
layers (by substituting it with zinc and/or tin), fine-tuning the coating 
stack and process parameters to improve silver quality and minimize 
silver thickness. Cost reductions in the PET substrate are also sought, 
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although many low-cost PET film alternatives have inferior optical and 
process performance that prevent market acceptance. Thinner PET 
film substrates require improved thermal and web handling control to 
suppress heat creases during sputter coating deposition and wrinkling 
damage during subsequent winding and slitting operations, and also 
pose a challenge for the IGU assembly process to avoid creasing and 
wrinkling, requiring special care during film application. 

Conclusions
The performance of an economical passive house window with low 
U-factor and high SHGC can be achieved with argon-filled triple-cavity 
IGUs with a single-silver low-e coating facing each cavity. The thermal 
performance of COG is significantly higher than that of the frame and 
edge-of-glass, and thus a passive house window benefits from the larg-
est possible glass area. To keep window frames thin, the IGU structure 
needs to be as light-weight and compact as possible, favoring multi-
cavity designs that replace center glass panes with suspended low-e 
coated polymer films. In the design of low-e coatings, it is essential to 
optimize the efficiency of the silver layer through improved deposition 
processes in order to achieve the optimum balance between thermal 
insulation performance and SHGC. From an optical design perspective, 
a stack design that maintains a neutral color irrespective of cavity count 
is desirable. Market adoption of advanced energy-efficient coatings is 
supported by cost-reduction efforts in the coating stack as well as the 
PET substrate.
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