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1.  INTRODUCTION 

1.1.  Overview 
This document, the THERM 5.2 / WINDOW 5.2 NFRC Simulation Manual, discusses how to use the THERM 
and WINDOW programs to model products for NFRC certified simulations and assumes that the user is 
already familiar with those programs. In order to learn how to use these programs, it is necessary to become 
familiar with the material in both the THERM User's Manual and the WINDOW User’s Manual.  

In general, this manual references the User's Manuals rather than repeating the information. 

If there is a conflict between either of the User Manual and this THERM 5.2 / WINDOW 5.2 NFRC Simulation 
Manual, the THERM 5.2 / WINDOW 5.2 NFRC Simulation Manual takes precedence. 

In addition, if this manual is in conflict with any NFRC standards, the standards take precedence. For 
example, if samples in this manual do not follow the current taping and testing NFRC standards, the 
standards not the samples in this manual, take precedence.
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2.  FENESTRATION PRODUCTS 

2.1.  Overview 
 Much of the information in this chapter is taken from Residential Windows: A Guide to New Technologies and 
Energy Performance by John Carmody, Stephen Selkowitz, and Lisa Heschong. 

Although glazing materials are the focus of much of the innovation and improvement in fenestration 
products, the overall performance of any unit is determined by the complete fenestration product assembly. 
The assembly includes the operating and fixed parts of the product frame as well as associated hardware and 
accessories. These are defined and illustrated at the beginning of this section. The next two sections address 
the different options available for sash operation and new advances in frame materials designed to improve 
product energy efficiency. Proper installation is an important aspect of their performance as well. The final 
section of this chapter discusses other installation issues. 

2.2  Fenestration Product Sash Operation 
There are numerous operating types available for fenestration products. Traditional operable types include 
the projected or hinged types such as casement, awning, and hopper, and the sliding types such as double- 
and single-hung and horizontal sliding. In addition, the current market includes storm windows, sliding and 
swinging patio doors, skylights and roof-mounted (i.e., sloping) windows, and systems that can be added to a 
house to create bay or bow windows, miniature greenhouses, or full sun rooms. 

Casement  Awning Hopper 

Double-hung  Horizontal slider  Single-hung 

Figure 2-1. Fenestration Operator Types 
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2.2  Fenestration Product Sash Operation 2.  FENESTRATION PRODUCTS 

2.2.1.  Projected or Hinged Windows 

Hinged windows include casements, awnings, and hoppers—hinged at the side, top, and bottom, 
respectively. Some manufacturers also make pivoting and combination windows that allow for easier 
cleaning of the exterior surfaces. Hinged windows, especially casements, project outward, providing 
significantly better ventilation than sliders of equal size. Because the sash protrudes from the plane of the 
wall, it can be controlled to catch passing breezes, but screens must be placed on the interior side. Virtually 
the entire casement window area can be opened, while sliders are limited to less than half of the window 
area. 

2.2.2.  Sliding Windows 

Sliders are the most common type of windows and include horizontal sliders and single-hung and double-
hung windows. Ventilation area can vary from a small crack to an opening of one-half the total glass area. 
Screens can be placed on the exterior or interior of the window unit. 

In double-hung or double-sliding units, both sashes can slide. In double-sliding units, the same net amount of 
glass area can be opened for ventilation as in single sliders, but it can be split between the top and bottom or 
two ends of the window for better control of the air flow. 

2.2.3.  Sliding Glass Doors 

Sliding glass doors (patio doors) are essentially big sliding windows. As extremely large expanses of glass, 
patio doors exaggerate all of the issues related to comfort and energy performance. Since the proportion of 
glass to frame is very high for a glass sliding door, the selection of high-performance glass can have 
significant benefits.  

2.2.4.  French Doors and Folding Patio Doors 

French doors and folding glazed doors are growing in popularity. A basic double French door consists of two 
hinged doors with no center mullion, resulting in a 1.5 to 1.8 m (5- to 6-foot) wide  opening. Folding doors are 
typically made of pairs of hinged doors, so that a double folding door with two pairs of doors can create an 
opening of 3.7 m (12 feet)  or more.  

2.2.5.  Skylights and Roof Windows 

The vast majority of skylights are permanently fixed in place, mounted on a curb above a flat or sloped roof. 
However, hatch-style skylights that can be opened with an extended crank, push latch, or remote control 
motor are becoming more common. Some skylights have a domed profile made of one or two layers of tinted 
or diffusing plastic. 

A roof window is a hybrid between a skylight and a standard window. They have become increasingly 
popular as homeowners and designers seek to better utilize space in smaller houses by creating habitable 
rooms under sloping roofs.  They are glazed with glass rather than plastic and are available with most of the 
glazing and solar control options of standard windows. Both fixed and operable versions are available, and 
the operable roof windows can be opened manually or by a motorized system. In addition, some 
manufacturers offer special venting mechanisms that allow some ventilation air flow without actually 
opening the window. Operable skylights or vents allow hot air that rises to the ceiling level to be effectively 
exhausted from the space. 

Skylights and roof windows present a special case for insulating around windows because they are typically 
set into the thickest, most heavily insulated framing in the house, and they must also meet much more 
stringent conditions for shedding water. In order to create a positive water flow around them, skylights are 
commonly mounted on “curbs” set above the roof plane. These curbs, rising 15 to 30 centimeters (6 to 12 
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inches) above the roof, create additional heat loss surfaces, right where the warmest air of the house tends to 
collect. Ideally, they should be insulated to the same level as the roof. In practice, it is often difficult to achieve 
insulation levels much above R-11. Some manufacturers provide curbs prefabricated out of a rigid insulating 
foam, which can be further insulated at the site. 

Roof windows, mounted in a sloping roof, often include a metal flashing system. If this metal flashing is in 
contact with a metal window frame, it can create additional surfaces for conducting heat. Thus, as with 
thermally broken aluminum windows, care should be taken to ensure a thermal separation between the cold 
outer metal surfaces and metal parts of the window frame that are exposed to the warm interior air.  

2.3  Performance Implications of Basic Fenestration Types 
There are subtle performance differences between a fixed and operable fenestration product that fills an 
identical rough opening. The fixed unit will typically have a smaller fraction of frame and proportionately 
more glass than the similar operable unit. Thus, fixed products with high-performance glass will have a 
better, lower U-factor, but a higher SHGC due to a smaller frame area and larger glass area. Fixed products 
have very low infiltration rates, but then they also do not provide natural ventilation and do not satisfy 
building code requirements for fire egress. 

For operating fenestration products, the type of operation has little direct effect on the U-factor or SHGC of 
the unit, but it can have a significant effect on the air infiltration and ventilation characteristics. Operation can 
be broken into two basic types: sliding products and hinged products. The comments below are a general 
characterization of American fenestration products; however, they may not apply to a specific product made 
by a given manufacturer. 

2.3.1.  Hinged Windows 

Hinged windows such as casements, awnings, and hoppers generally have lower air leakage rates than 
sliding windows from the same manufacturer because the sash closes by pressing against the frame, 
permitting the use of more effective compression-type weatherstripping. In most types, the sash swings 
closed from the outside, so that additional external wind pressure tends to push the sash more tightly shut. 
Hinged windows require a strong frame to encase and support the projecting sash. Also, because projecting-
type sashes must be strong enough to swing out and still resist wind forces, the stiffer window units do not 
flex as readily in the wind. In addition, hinged windows have locking mechanisms that force the sash against 
the weatherstripping to maximize compression. These design details tend to reduce air infiltration of hinged 
windows in comparison to sliders. 

2.3.2.  Sliding Windows 

Sliding windows, whether single-hung, double-hung, or horizontal sliders, generally have higher air leakage 
rates than projecting or hinged windows. Sliding windows typically use a brush-type weatherstripping that 
allows the sash to slide past. This type is generally less effective than the compression gaskets found in 
projecting windows. The weatherstrip effectiveness also tends to be reduced over time due to wear and tear 
from repeated movement of the sliding sash. The frames and sashes of sliding units can be made with lighter, 
less rigid frame sections since they only need to support their own weight. This lightness may permit the 
sliding frames to flex and can allow more air leakage under windy conditions. Manufacturers can choose to 
engineer greater stiffness in their products by design and material selection.  

Slider window performance can also be improved with latching mechanisms that compress the sash to the 
fixed frame and by the addition of compression weatherstripping at the head and sill of double-hung 
windows or the end jamb of horizontal sliders. 
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2.3.3.  Sliding Glass and French Doors 

As previously noted, sliding doors are essentially big sliding windows. However, they are more complicated 
because of their size and weight and because the sill is also a door threshold, which must keep water out 
while allowing easy passage of people and objects. The threshold is typically the most difficult part of the 
frame to weatherstrip effectively.  

French doors benefit from being much more like traditional doors than sliding doors. French doors can use 
weatherstripping and operating hardware designed for similar non-glazed doors. However, when there are 
large openings with multiple hinged doors, it is more difficult to positively seal the joints between door 
leaves and to create the stiffness that will resist infiltration.  

2.4  Frame Materials 
The material used to manufacture the frame governs the physical characteristics of the fenestration product, 
such as frame thickness, weight, and durability, but it also has a major impact on the thermal characteristics 
of the product. Increasingly, manufacturers are producing hybrid or composite sash and frames, in which 
multiple materials are selected and combined to best meet the overall required performance parameters. 
Thus, a simple inspection of the inner or outer surface of the frame is no longer an accurate indicator of the 
total material or its performance. Since the sash and frame represent from 10 to 30 percent of the total area of 
the fenestration unit, the frame properties will significantly influence the total product performance. 

2.4.1.  Wood Frames 

Wood fenestration products are manufactured in all configurations, from sliders to swinging windows. Wood 
is favored in many residential applications because of its appearance and traditional place in house design.  

A variation of the wooden product is to clad the exterior face of the frame with either vinyl or aluminum, 
creating a permanent weather-resistant surface. Clad frames thus have lower maintenance requirements, 
while retaining the attractive wood finish on the interior. 

 

From a thermal point of view, wood-framed products perform well. The thicker the wood frame, the more 
insulation it provides. Wood-framed fenestration products typically exhibit low heat loss rates.  

However, metal cladding, metal hardware, or the metal reinforcing often used at corner joints can degrade 
the thermal performance of wood frames. If the metal extends through the fenestration product from the cold 
side to the warm side of the frame, it creates a thermal short circuit, conducting heat more quickly through 
that section of the frame. 

2.4.2.  Aluminum Frames 

The biggest disadvantage of aluminum as a fenestration product frame material is its high thermal 
conductance. It readily conducts heat, greatly raising the overall U-factor of a fenestration unit. Because of its 
high thermal conductance, the thermal resistance of an aluminum frame is determined more by the amount 
of surface area of the frame than by the thickness or the projected area, as with other frame materials. Thus, 
an aluminum frame profile with a simple compact shape will perform much better than a profile with many 
fins and undulations.  

In cold climates, a simple aluminum frame can easily become cold enough to condense moisture or frost on 
the inside surfaces of fenestration product frames. Even more than the problem of heat loss, the condensation 
problem spurred development of a more insulating aluminum frame. 

The most common solution to the heat conduction problem of aluminum frames is to provide a “thermal 
break” by splitting the frame components into interior and exterior pieces and use a less conductive material 
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to join them. There are many designs available for thermally broken aluminum frames. The most prevalent 
technique used in residential fenestration products is called “pouring and debridging.” The frame is first 
extruded as a single piece with a hollow trough in the middle. This is filled with a plastic that hardens into a 
strong intermediate piece. The connecting piece of aluminum is then milled out, leaving only the plastic to 
join the two halves of aluminum. Functionally, the resulting piece is cut, mitered, and assembled like a simple 
aluminum extrusion. Thermally, the plastic slows the heat flow between the inside and outside. There are 
other manufacturing techniques for producing a thermal break (such as crimped-in-place polymer strips), but 
the thermal results are similar. 

2.4.3.  Vinyl Frames 

Plastics are relative newcomers as fenestration product frame materials in North America. Vinyl, also known 
as polyvinyl chloride (PVC), is a versatile material with good insulating value. 

The thermal performance of vinyl frames is roughly comparable to wood. Large hollow chambers within the 
frame can allow unwanted heat transfer through convection currents. Creating smaller cells within the frame 
reduces this convection exchange, as does adding an insulating material. Most manufacturers are conducting 
research and development to improve the insulating value of their vinyl fenestration product assemblies.  

2.4.4.  Fiberglass and Engineered Thermoplastics 

In addition to vinyl fenestration products two other polymer-based technologies have become available, 
fiberglass and thermoplastics. Frames can be made of glass-fiber-reinforced polyester, or fiberglass, which is 
pultruded into lineal forms and then assembled into fenestration products. These frames are dimensionally 
stable and have good insulating value by incorporating air cavities (similar to vinyl). 

2.4.5.  Wood Composites 

Most people are familiar with composite wood products, such as particle board and laminated strand lumber, 
in which wood particles and resins are compressed to form a strong composite material. The wood 
fenestration product industry has now taken this a step further by creating a new generation of 
wood/polymer composites that are extruded into a series of lineal shapes for frame and sash members. These 
composites are stable, and have the same or better structural and thermal properties as conventional wood, 
with better moisture resistance and more decay resistance. They can be textured and stained or painted much 
like wood. They were initially used in critical elements, such as sills and thresholds in sliding patio doors, but 
are now being used for entire units. This approach has the added environmental advantage of reusing a 
volume of sawdust and wood scrap that would otherwise be discarded. 

2.4.6.  Hybrid and Composite Frames 

Manufacturers are increasingly turning to hybrid frame designs that use two or more of the frame materials 
described above to produce a complete fenestration product system. The wood industry has long built vinyl- 
and aluminum-clad products to reduce exterior maintenance needs. Vinyl manufacturers and others offer 
interior wood veneers to produce the finish and appearance that many homeowners desire. Split-sash designs 
may have an interior wood element bonded to an exterior fiberglass element.  

2.5  Basic Glazing Materials 
Two basic materials are used for fenestration product glazing: glass, which is by far the most common, and 
plastics, which have many specialized applications. 
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2.5.1.  Glass 

Traditionally, fenestration products have been made of clear glass. Most residential-grade clear glass today is 
produced with the float technique in which the glass is “floated” over a bed of molten tin. This provides 
extremely flat surfaces, uniform thicknesses, and few if any visual distortions. The glass has a slight greenish 
cast, due to iron impurities, but this is generally not noticeable except from the edge. An even higher-quality 
glass with reduced iron content eliminates the greenness and also provides a higher solar energy 
transmittance. This is commonly called “water-white glass.” 

Obscure glasses still transmit most of the light but break up the view in order to provide privacy. This effect 
is generally achieved either with decorative embossed patterns or with a frosted surface that scatters the light 
rays.   

By adding various chemicals to glass as it is made, glass can be produced in a wide variety of colors. Glass 
colors are typically given trade names, but the most frequently used colors can be generally described as 
clear, bronze, gray, and blue-green. After clear glass, the gray glasses are most commonly used in residential 
construction, as they have the least effect on the perceived color of the light.  Tinted glass is discussed later in 
this chapter. 

The mechanical properties of glass can be altered, as well as its basic composition and surface properties. 
Heat-strengthening and tempering make glass more resistant to breakage. Heat-strengthened glass is about 
twice as strong as standard glass. Tempered glass is produced by reheating and then quickly chilling the 
glass. It breaks into small fragments, rather than into long, possibly dangerous shards. Laminated glass is a 
sandwich of two outer layers of glass with a plastic inner layer that holds the glass pieces together in the 
event of breakage. Fully tempered and laminated glass is required by building codes in many door and 
fenestration product applications. 

2.5.2.  Plastics  

Several plastic materials have been adapted for use as glazing materials. Their primary uses are fenestration 
products with special requirements and skylights.  

The following list of plastic glazing materials covers the major types of plastic glazing materials and 
compares their general properties: 

 

Á Clear acrylic is widely available and relatively inexpensive. It is available in various tints and colors. It 
has excellent visible light transmittance and longevity. However, it is softer than glass, which makes it 
vulnerable to scratching. 

Á Frosted acrylic is like clear acrylic, except that it diffuses light and obscures the view. It comes in varying 
degrees of light transmittance. Most bubble skylights are made of frosted acrylic.  

Á Clear polycarbonate is like acrylic sheet, but it is harder and tougher, offering greater resistance to 
scratching and breakage. It is more expensive than acrylic. 

Á Fiber-reinforced plastic is a tough, translucent, flexible sheet material with good light-diffusing 
properties. Short lengths of fiberglass are embedded in a polymer matrix to form flat or ribbed sheets. 
Stiff, insulating, translucent panels are created by bonding double layers to a metal frame and adding 
fiberglass insulation. It is also formed into corrugated sheets as a translucent roofing material. Surface 
erosion may shorten its useful life. 

Á Extruded multicell sheet, usually made with acrylic or polycarbonate plastic, is a transparent or tinted 
plastic extruded into a double- or triple-wall sheet with divider webs for stiffness, insulating value, and 
light diffusion.  

Á Polyester is a thin film used to carry specialized coatings and/or to divide the air space between two 
layers of glass into multiple air spaces. Highly transparent, it is protected from abuse and weathering by 

2-6 July 2006 THERM5.2/WINDOW5.2 NFRC Simulation Manual 



2.  FENESTRATION PRODUCTS 2.6  Improved Glazing Products 

the two exterior glass layers. It can also be used in tinted or coated forms as film that is glued to the inner 
surface of existing fenestration products for retrofitting applications. 

2.6  Improved Glazing Products 
There are three fundamental approaches to improving the energy performance of glazing products: 

1. Alter the glazing material itself by changing its chemical composition or physical characteristics. An 
example of this is tinted glazing. The glazing material can also be altered by creating a laminated 
glazing. 

2. Apply a coating to the glazing material surface. Reflective coatings and films were developed to 
reduce heat gain and glare, and more recently, low-emittance and spectrally selective coatings have 
been developed to improve both heating and cooling season performance. 

3. Assemble various layers of glazing and control the properties of the spaces between the layers. These 
strategies include the use of two or more panes or films, low-conductance gas fills between the layers, 
and thermally improved edge spacers. 

Two or more of these approaches may be combined. Each of these improvements to the glazing is discussed 
below 

2.6.1.  Tinted Glazing  

Both plastic and glass materials are available in a large number of tints. The tints absorb a portion of the light 
and solar heat. Tinting changes the color of the fenestration product. 

Tinted glazings retain their transparency from the inside, so that the outward view is unobstructed. The most 
common colors are neutral gray, bronze, and blue-green, which do not greatly alter the perceived color of the 
view and tend to blend well with other architectural colors. Many other specialty colors are available for 
particular aesthetic purposes. 

Tinted glass is made by altering the chemical formulation of the glass with special additives. Its color changes 
with the thickness of the glass and the addition of coatings applied after manufacture. Every change in color 
or combination of different glass types affects transmittance, solar heat gain coefficient, reflectivity, and other 
properties. Glass manufacturers list these properties for every color, thickness, and assembly of glass type 
they produce.  

Tinted glazings are specially formulated to maximize their absorption across some or all of the solar spectrum 
and are often referred to as “heat-absorbing.”  All of the absorbed solar energy is initially transformed into 
heat within the glass, thus raising the glass temperature. Depending upon climatic conditions, up to 50 
percent of the heat absorbed in a single layer of tinted glass may then be transferred via radiation and 
convection to the inside. Thus, there may be only a modest reduction in overall solar heat gain compared to 
other glazings.  

There are two categories of tinted glazing: the traditional tints that diminish light as well as heat gain, and 
spectrally selective tints that reduce heat gain but allow more light to be transmitted to the interior. The 
traditional tinted glazing often forces a trade-off between visible light and solar gain. For these bronze and 
gray tints, there is a greater reduction in visible light transmittance than there is in solar heat gain coefficient. 
This can reduce glare by reducing the apparent brightness of the glass surface, but it also reduces the amount 
of daylight entering the room. 

To address the problem of reducing daylight with traditional tinted glazing, glass manufacturers have 
developed new types of tinted glass that are “spectrally selective.” They preferentially transmit the daylight 
portion of the solar spectrum but absorb the near-infrared part of sunlight. This is accomplished by adding 
special chemicals to the float glass process. Like other tinted glass, they are durable and can be used in both 
monolithic and multiple-glazed fenestration product applications. These glazings have a light blue or green 
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tint and have visible transmittance values higher than conventional bronze- or gray-tinted glass, but have 
lower solar heat gain coefficients. Because they are absorptive, they are best used as the outside glazing in a 
double-glazed unit. They can also be combined with Low-E coatings to enhance their performance further.  

2.6.2.  Reflective Coatings and Films 

As the solar heat gain is lowered in single-pane tinted glazings, the visible light transmission drops even 
faster, and there are practical limits on how low the solar heat gain can be made using tints. If larger 
reductions are desired, a reflective coating can be used to lower the solar heat gain coefficient by increasing 
the surface reflectivity of the material. These coatings usually consist of thin metallic layers. The reflective 
coatings come in various metallic colors (silver, gold, bronze), and they can be applied to clear or tinted 
glazing (the substrate). The solar heat gain of the substrate can be reduced a little or a lot, depending on the 
thickness and reflectivity of the coating, and its location on the glass. 

As with tinted glazing, the visible light transmittances of reflective glazings are usually reduced substantially 
more than the solar heat gain. 

2.6.3.  Double Glazing 

Storm windows added onto the outside of window frames during the stormy winter season were the first 
double-glazed fenestration products. They reduce infiltration from winter winds by providing a seal around 
all the operating sash and they improve the insulating value of the glazing as well.  

When manufacturers began to experiment with factory-sealed, double-pane glass to be installed for year-
round use, they encountered a number of technical concerns, such as how to allow for different thermal 
movement between the two panes, how to prevent moisture from forming between the panes and 
condensing on an inaccessible surface, and how to allow for changes in atmospheric pressure as the assembly 
was moved from factory to installation site. These issues have been successfully addressed over the years 
with a variety of manufacturing techniques and material selections.  

When double-glass units first came on the market, the two glass layers were often fused around the perimeter 
to make a permanently sealed air space. In recent years, however, spacers and polymer sealants have largely 
replaced glass-to-glass seals, and have proven sufficiently durable for residential applications. The layers of 
glass are separated by and adhere to a spacer, and the sealant, which forms a gas and moisture barrier, is 
applied around the entire perimeter. Normally, the spacer contains a desiccant material to absorb any 
residual moisture that may remain in the air space after manufacture. Sealed insulating glass units are now a 
mature, well proven technology. Designs utilizing high-quality sealants and manufactured with good quality 
control should last for decades without seal failure. 

2.6.4.  Glass Coatings and Tints in Double Glazing 

Both solar reflective coatings and tints on double-glazed fenestration products are effective in reducing 
summer heat gain; however, only certain coatings contribute to reducing winter heat loss, and tints do not 
affect the heat loss rates at all. It is possible to provide reflective coatings on any one of the four surfaces, 
although they are usually located on the outermost surface or on the surfaces facing the air space. Coating 
location can also depend on the type of coating. Some vacuum-deposited reflective coatings must be placed in 
a sealed air space because they would not survive exposure to outdoor elements, finger prints, or cleaning 
agents. Pyrolytic coatings that are created with a high-temperature process as the glass is formed are 
extremely hard and durable and can be placed anywhere. Each location produces a different visual and heat 
transfer effect. Other advanced coatings such as low-emittance and spectrally selective coatings are normally 
applied to double-glazed or triple-glazed fenestration products. These applications are discussed later in this 
chapter. 
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Double-pane units can be assembled using different glass types for the inner and outer layers. Typically, the 
inner layer is standard clear glass, while the outer layer can be tinted, reflective, or both. The solar heat gain 
coefficient is reduced because the tinted glass and clear glass both reduce transmitted radiation. In addition, 
this design further reduces solar heat gain because the inner clear glass, the gas fill, and any Low-E coating 
keep much of the heat absorbed by the outer glass from entering the building interior. 

Surface #1 

Surface #2 

Surface #3 

Surface #4 

Metal spacer 

Desiccant 
Butyl primary sealant 

Urethane secondary sealant 

OUTSIDE INSIDE 

Air or Gas 

Figure 2-2. Insulating Glass Unit (IGU). 

2.6.5.  Gap Width in Multiple Glazed Units 

Fenestration product manufacturers have some flexibility to reduce heat transfer by selecting the best gap 
width between two or more glazings. The air space between two pieces of glass reaches its optimum 
insulating value at about 1/2-inch (12 mm) thickness when filled with air or argon. As the gap gets larger, 
convection in the gap increases and slowly increases heat transfer. Below 3/8 inch (9 mm), conduction 
through the air gap increases and the U-factor rises more rapidly. Krypton gas has its optimum thickness at 
about 1/4 inch (6 mm), so that if smaller air gaps are required, for example in a three-layer fenestration 
product whose overall exterior dimensions are limited, krypton may be the best selection, although it is also 
more costly.  

2.6.6.  Divided Lights 

Manufacturers have been struggling with the problem of many homeowners’ preference for traditional, 
divided light fenestration products, which have many small panes separated by thin bars called muntins. 
With single-pane glass, true divided lights actually improved the thermal performance of the fenestration 
product because the wood muntins had a higher insulating value than the glass. Some manufacturers have 
introduced “true divided light” insulated units, in which traditional-looking muntins hold small, individual, 
insulated panes. However, these are expensive and difficult to fabricate with insulated glass and have greater 
thermal losses due to the number of edges, which now have metal in them.  

A second option is to produce a single, large sealed glass unit with “muntins” glued to the inside and outside 
surfaces, while a grid is placed in the middle of one large insulated unit, giving the visual effect of divided 
lights. This reduces fabrication costs but does not reduce resistance to heat flow if the muntins in the middle 
are metal and if they touch both lights of glass.  
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A third option, which is more energy efficient, is to build a large-pane insulated unit that has snap-on or 
glued-on grilles to simulate the traditional lights. 

The energy performance of the simple snap-on grid will be similar to a unit without any mullions; however, 
the true divided lights will result in greater heat transfer because of the additional edges.  

2.6.7.  Special Products 

Glass blocks present a very special case of double glazing. They provide light with some degree of visual 
privacy. Plastic blocks, which have a lower U-factor than glass, are also available. However, when installed, 
the necessary grouting reduces the energy efficiency. Also, metal mesh and steel reinforcing bars, used 
between blocks to provide structural stability, provide thermal bridges which also reduce energy efficiency. 

Plastic glazings are available in a number of configurations with double layers. Double-glazed acrylic bubble 
skylights are formed with two layers separated by an air space of varying thickness, ranging from no 
separation at the edges to as much as 3 inches (7.6 cm) at the top of the bubble. The average separation is used 
to calculate the effective U-factor.  

Multicell polycarbonate sheets, which can be mounted with the divider webs running vertically or 
horizontally, are available. The divider webs increase the effective insulating value of the glazing by reducing 
convection exchange within the cells, especially when they are mounted horizontally. 

2.6.8.  Multiple Panes or Films 

By adding a second pane, the insulating value of the fenestration product glass alone is doubled (the U-factor 
is reduced by half). As expected, adding a third or fourth pane of glass further increases the insulating value 
of the fenestration product, but with diminishing effect.  

Triple- and quadruple-glazed fenestration products became commercially available in the 1980s as a response 
to the desire for more energy-efficient products. There is a trade-off with this approach, however. As each 
additional layer of glass adds to the insulating value of the assembly, it also reduces the visible light 
transmission and the solar heat gain coefficient, thereby reducing the fenestration product’s value for 
providing solar gains or daylighting. In addition, other complications are encountered. Additional panes of 
glass increase the weight of the unit, which makes mounting and handling more difficult and transportation 
more expensive. 

Because of the difficulties discussed above, it is apparent there are physical and economic limits to the 
number of layers of glass that can be added to a fenestration product assembly. However, multiple-pane units 
are not limited to assemblies of glass. One popular innovation is based on substituting an inner plastic film 
for the middle layer of glass. The plastic film is very lightweight, and because it is very thin, it does not 
increase the thickness of the unit. The glass layers protect the inner layer of plastic from scratching, 
mechanical abuse, corrosion, weathering, and visual distortions caused by wind pressure. Thus, the strength 
and durability of plastic as a glazing material are no longer issues when the plastic is protected from physical 
abuse and weathering by inner and outer layers of glass. The plastic films are specially treated to resist UV 
degradation and they are heat shrunk so they remain flat under all conditions. 

The plastic inner layer serves a number of important functions. It decreases the U-factor of the fenestration 
product assembly by dividing the inner air space into multiple chambers. Units are offered with one or two 
inner layers of plastic. Secondly, a Low-E coating can be placed on the plastic film itself to further lower the 
U-factor of the assembly. Also, the plastic film can be provided with spectrally selective coatings to reduce 
solar gain in hot climates without significant loss of visible transmittance. The performance of multiple-pane 
fenestration product assemblies with low-emittance coatings and gas fills is described in the following 
sections.  
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2.6.9.  Low-Emittance Coatings 

The principal mechanism of heat transfer in multilayer glazing is thermal radiation from a warm pane of 
glass to a cooler pane. Coating a glass surface with a low-emittance material and facing that coating into the 
gap between the glass layers blocks a significant amount of this radiant heat transfer, thus lowering the total 
heat flow through the fenestration product. The improvement in insulating value due to the Low-E coating is 
roughly equivalent to adding another pane of glass to a multipane unit. 

The solar spectral reflectances of Low-E coatings can be manipulated to include specific parts of the visible 
and infrared spectrum. A glazing material can then be designed to optimize energy flows for solar heating, 
daylighting, and cooling. 

With conventional clear glazing, a significant amount of solar radiation passes through the fenestration 
product, and then heat from objects within the house is reradiated back through the fenestration product. For 
example, a glazing design for maximizing solar gains in the winter would ideally allow all of the solar 
spectrum to pass through, but would block the reradiation of heat from the inside of the house. The first Low-
E coatings were designed to have a high solar heat gain coefficient and a high visible transmittance to 
transmit the maximum amount of sunlight into the interior while reducing the U-factor significantly.  

A glazing designed to minimize summer heat gains but allow for some daylighting would allow visible light 
through, but would block all other portions of the solar spectrum, including ultraviolet light and near-
infrared, as well as long-wave heat radiated from outside objects, such as paving and adjacent buildings, as 
shown in Figure 2-3. These second-generation Low-E coatings were designed to reflect the solar near-
infrared, thus reducing the total solar heat gain coefficient while maintaining high levels of light 
transmission. Variations on this design (modified coatings and/or glazings) can further reduce summer solar 
heat gain and control glare.  

There are three basic types of Low-E coatings available on the market today:  

 
1. High-transmission Low-E: 

These Low-E glass products are often referred to as pyrolitic or hard coat Low-E glass, due to the glass 
coating process. The properties presented here are typical of a Low-E glass product designed to reduce 
heat loss but admit solar gain. 

2. Moderate-transmission Low-E: 
These Low-E glass products are often referred to as sputtered (or soft-coat products) due to the glass 
coating process. (Note: Low solar gain Low-E products are also sputtered coatings.) Such coatings reduce 
heat loss and let in a reasonable amount of solar gain. 

3. Low-transmission Low-E: 
These Low-E products are often referred to as sputtered (or soft-coat) due to the glass coating process. 
(Note: Moderate solar gain Low-E products are also sputtered coatings.) This type of Low-E product, 
sometimes called spectrally selective Low-E glass, reduces heat loss in winter but also reduces heat gain 
in summer. Compared to most tinted and reflective glazings, this Low-E glass provides a higher level of 
visible light transmission for a given amount of solar heat reduction. 

 

The type and quality of Low-E coating will affect not only the U-factor, but also the transmittance and solar 
heat gain coefficient of a glass. All these properties (U-factor, VT, and SHGC) need to be taken into 
consideration in characterizing a particular glazing product. 
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Figure 2-3. Ideal spectral transmittance for glazings in different climates. (Source: "Sensitivity of Fenestration Solar Gain to Source 
Spectrum and Angle of Incidence." ASHRAE Transactions 10, R. McCluney, June 1996). 

2.6.9.1.  Coating Placement 

The placement of a Low-E coating within the air gap of a double-glazed fenestration product does not 
significantly affect the U-factor but it does influence the solar heat gain coefficient (SHGC). That is why, in 
heating-dominated climates, placing a Low-E coating on the #3 surface (outside surface of the inner pane) is 
recommended to maximize winter passive solar gain at the expense of a slight reduction in the ability to 
control summer heat gain.  In cooling climates, a coating on the #2 surface (inside surface of the outer pane) is 
generally best to reduce solar heat gain and maximize energy efficiency. Manufacturers sometimes place the 
coatings on other surfaces (e.g., #2 surface in a heating climate) for other reasons, such as minimizing the 
potential for thermal stress. Multiple Low-E coatings are also placed on surfaces within a triple-glazed 
fenestration product assembly, or on the inner plastic glazing layers of multipane assemblies referred to as 
superwindows (discussed later in this chapter), with a cumulative effect of further improving the overall U-
factor. 

2.6.9.2.  Coating Types 

There are two basic types of Low-E coatings – sputtered and pyrolytic, referring to the process by which they 
are made. The best of each type of coating is colorless and optically clear. Some coatings may have a slight 
hue or subtle reflective quality, particularly when viewed in certain lighting conditions or at oblique angles.  

A sputtered coating is multilayered (typically, three primary layers, with at least one layer of metal) and is 
deposited on glass or plastic film in a vacuum chamber. The total thickness of a sputtered coating is only 
1/10,000 of the thickness of a human hair. Sputtered coatings often use a silver layer and must be protected 
from humidity and contact. For this reason they are sometimes referred to as “soft coats.” Since sputtering is 
a low-temperature process, these coatings can be deposited on flat sheets of glass or thin plastic films. While 
sputtered coatings are not durable in themselves, when placed into a sealed double- or triple-glazed assembly 
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they should last as long as the sealed glass unit. Sputtered coatings typically have lower emittances than 
pyrolytic coatings. They are available commercially with emittance ratings of e = 0.10 to as low as e = 0.02 (e = 
0.20 means that 80 percent of the long-wavelength radiant energy received by the surface is reflected, while e 
= 0.02 means 98 percent is reflected). For uncoated glass, e = 0.84, which means only 16 percent of the radiant 
energy received by the surface is reflected. 

A typical pyrolytic coating is a metallic oxide, most commonly tin oxide with some additives, which is 
deposited directly onto a glass surface while it is still hot. The result is a baked-on surface layer that is quite 
hard and thus very durable, which is why this is sometimes referred to as a “hard coat.” A pyrolytic coating 
can be ten to twenty times thicker than a sputtered coating but is still extremely thin. Pyrolytic coatings can 
be exposed to air, cleaned with normal cleaning products, and subjected to general wear and tear without 
losing their Low-E properties. 

Because of their greater durability, pyrolytic coatings are available on single-pane glass and separate storm 
windows, but not on plastics, since they require a high-temperature process. In general, though, pyrolytic 
coatings are used in sealed, double-glazed units with the Low-E surface inside the sealed air space. While 
there is considerable variation in the specific properties of these coatings, they typically have emittance 
ratings in the range of e = 0.20 to e = 0.10.  

A laminated glass with a spectrally selective Low-E sputtered coating on plastic film sandwiched between 
two layers of glass offers the energy performance of single-pane, spectrally selective glass and the safety 
protection of laminated glass. However, in this configuration, since the Low-E surface is not exposed to an air 
space, there is no effect on the glazing U-factor. 

2.6.10.  Gas Fills 

Another improvement that can be made to the thermal performance of insulating glazing units is to reduce 
the conductance of the air space between the layers. Originally, the space was filled with air or flushed with 
dry nitrogen just prior to sealing. In a sealed glass insulating unit air currents between the two panes of 
glazing carry heat to the top of the unit and settle into cold pools at the bottom. Filling the space with a less 
conductive gas minimizes overall transfer of heat between two glass layers.  

Manufacturers have introduced the use of argon and krypton gas fills, with measurable improvement in 
thermal performance. Argon is inexpensive, nontoxic, nonreactive, clear, and odorless. The optimal spacing 
for an argon-filled unit is the same as for air, about 1/2 inch (12 mm). Krypton has better thermal 
performance, but is more expensive to produce. Krypton is particularly useful when the space between 
glazings must be thinner than normally desired, for example, 1/4 inch (6 mm). A mixture of krypton and 
argon gases is also used as a compromise between thermal performance and cost.  

Filling the sealed unit completely with argon or krypton presents challenges that manufacturers continue to 
work on. A typical gas fill system adds the gas into the cavity with a pipe inserted through a hole at the edge 
of the unit. As the gas is pumped in, it mixes with the air, making it difficult to achieve 100 percent purity. 
Recent research indicates that 90 percent is the typical concentration achieved by manufacturers today. Some 
manufacturers are able to consistently achieve better than 95 percent gas fill by using a vacuum chamber. An 
uncoated double-pane unit filled with 90 percent argon gas and 10 percent air yields a slightly more than 5 
percent improvement in the insulating value at the center of the glass, compared to the same unit filled with 
air. However, when argon and krypton fills are combined with Low-E coatings and multipane glazings, more 
significant reductions of 15 to 20 percent can be achieved. Since the Low-E coating has substantially reduced 
the radiation component of heat loss, the gas fill now has a greater proportional effect on the remaining heat 
transfer by convection and conduction.  
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2.7  Thermally Improved Edge Spacers 
The layers of glazing in an insulating glass (IG) unit must be held apart at the appropriate distance by 
spacers. The spacer system must provide a number of additional functions in addition to keeping the glass 
units at the proper dimension:  
Á 
Á 
Á 
Á 

accommodate stress induced by thermal expansion and pressure differences; 
provide a moisture barrier that prevents passage of water or water vapor that would fog the unit; 
provide a gas-tight seal that prevents the loss of any special low-conductance gas in the air space; 
create an insulating barrier that reduces the formation of interior condensation at the edge. 

Older double-pane wood fenestration products used a wood spacer that could not be hermetically sealed and 
thus was vented to the outside to reduce fogging in the air gap. Modern versions of this system function well 
but, because they are not hermetically sealed, cannot be used with special gas fills or some types of Low-E 
coatings. Early glass units were often fabricated with an integral welded glass-to-glass seal. These units did 
not leak but were difficult and costly to fabricate, and typically had a less-than-optimal narrow spacing. The 
standard solution for insulating glass units (IGUs) that accompanied the tremendous increase in market share 
of insulating glass in the 1980s was the use of metal spacers, and sealants. These spacers, typically aluminum, 
also contain a desiccant that absorbs residual moisture. The spacer is sealed to the two glass layers with 
organic sealants that both provide structural support and act as a moisture barrier. There are two generic 
systems for such IGUs: a single-seal spacer and a double-seal system. 

In the single-seal system , an organic sealant, typically a butyl material, is applied behind the spacer and 
serves both to hold the unit together and to prevent moisture intrusion. These seals are normally not 
adequate to contain special low-conductance gases. 

In a double-seal system , a primary sealant, typically butyl, seals the spacer to the glass to prevent moisture 
migration and gas loss, and a secondary backing sealant, often silicone, provides structural strength. When 
sputtered Low-E coatings are used with double-seal systems, the coating must be removed from the edge first 
(“edge deletion”) to provide a better edge seal. 

Since aluminum is an excellent conductor of heat, the aluminum spacer used in most standard edge systems 
represented a significant thermal “short circuit” at the edge of the IGU, which reduces the benefits of 
improved glazings.  As the industry has switched from standard double-glazed IGUs to units with Low-E 
coatings and gas fills, the effect of this edge loss becomes even more pronounced. Under winter conditions, 
the typical aluminum spacer would increase the U-factor of a Low-E, gas fill unit slightly more than it would 
increase the U-factor of a standard double-glazed IGU. The smaller the glass area, the larger the effect of the 
edge on the overall product properties. In addition to the increased heat loss, the colder edge is more prone to 
condensation.  

Fenestration product manufacturers have developed a series of innovative edge systems to address these 
problems, including solutions that depend on material substitutions as well as radically new designs. One 
approach to reducing heat loss has been to replace the aluminum spacer with a metal that is less conductive, 
e.g., stainless steel, and change the cross-sectional shape of the spacer. Another approach is to replace the 
metal with a design that uses materials that are better insulating. The most commonly used design 
incorporates spacer, sealer, and desiccant in a single tape element. The tape includes a solid, extruded 
thermoplastic compound that contains a blend of desiccant materials and incorporates a thin, fluted metal 
shim of aluminum or stainless steel. Another approach uses an insulating silicone foam spacer that 
incorporates a desiccant and has a high-strength adhesive at its edges to bond to glass. The foam is backed 
with a secondary sealant. Both extruded vinyl and pultruded fiberglass spacers have also been used in place 
of metal designs.  

There are several hybrid designs that incorporate thermal breaks in metal spacers or use one or more of the 
elements described above. Some of these are specifically designed to accommodate three- and four-layer 
glazings or IGUs incorporating stretched plastic films. All are designed to interrupt the heat transfer pathway 
at the glazing edge between two or more glazing layers. 
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Warm edge spacers have become increasingly important as manufacturers switch from conventional double 
glazing to higher-performance glazing.  For purposes of determining the overall fenestration product U-
factor, the edge spacer has an effect that extends beyond the physical size of the spacer to a band about 63.5 
mm (2.5 inches) wide. The contribution of this 63.5 mm (2.5-inch) wide “glass edge” to the total fenestration 
product U-factor depends on the size of the product. Glass edge effects are more important for smaller 
fenestration products, which have a proportionately larger glass edge area. For a typical residential-size 
window (0.8 by 1.2 meters , 3 by 4 feet), changing from a standard aluminum edge to a good-quality warm 
edge will reduce the overall fenestration product U-factor by 0.01 to 0.02 Btu/hr- ft2-°F.  
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3.  FENESTRATION HEAT TRANSFER BASICS 

3.1.  Overview 
Much of the information in this chapter is taken from the book Residential Windows: A Guide to New 
Technologies and Energy Performance by John Carmody, Stephen Selkowitz, and Lisa Heschong. Additional 
information can also be found in the ASHRAE 2001 Handbook of Fundamentals. 

3.2  Energy Flow Mechanisms 
Overall energy flow through a fenestration product is a function of: 

 
Á 

Á 

Á 

Temperature Driven Heat Transfer: When there is a temperature difference between inside and 
outside, heat is lost or gained through the fenestration product frame and glazing by the combined 
effects of conduction, convection, and radiation. This is indicated in terms of the U-factor of a 
fenestration assembly.  
Solar Gain: Regardless of outside temperature, heat can be gained through fenestration products by 
direct or indirect solar radiation. The amount of heat gain through products is measured in terms of 
the solar heat gain coefficient (SHGC) of the glazing. 
Infiltration: Heat loss and gain also occur by infiltration through cracks in the fenestration assembly. 
This effect is measured in terms of the amount of air (cubic feet or meters per minute) that passes 
through a unit area of fenestration product (square foot or meter) under given pressure conditions. In 
reality, infiltration varies with wind-driven and temperature-driven pressure changes. Infiltration 
also contributes to summer cooling loads in some climates by raising the interior humidity level. 

The 2001 ASHRAE Handbook of Fundamentals contains the following equation for calculating the energy flow 
through a fenestration product (assuming no humidity difference and excluding air infiltration): 

( ) ( ))()*(60**)(* inoutppftpftinoutpft ttcAAIEASHGCttAUq −++−= ρ

[3-1] 

 

Where: 

q  = instantaneous energy flow, W (Btu/h) 

Uo  = overall coefficient of heat transfer (U-factor), W/m2-oK (Btu/h-ft2-oF) 

tin  = interior air temperature, oC  (oF) 

tout  = exterior air temperature, oC  (oF) 

Apf  = Total projected area of fenestration, m2 (ft2) 

SHGCt  = overall solar heat gain coefficient, non-dimensional 

Et  = incident total irradiance, W/m2-oK (Btu/h-ft2-oF) 

This equation shows that the properties of U-factor, SHGC, and infiltration are major factors which determine 
the energy flow through a fenestration product. For this reason, the NFRC rating system rates the U-factor, 
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SHGC, and air infiltration of products, and the NFRC 100, NFRC 200, and NFRC 400 documents define the 
procedures for calculating these values for the total product.  

3.3  Temperature Driven Heat Transfer 
Fenestration product heat loss/gain due to temperature  is a combination of three modes of heat transfer: 

1. Conduction (heat traveling through a solid material, the way a frying pan warms up) through glazing, 
spacer, and frame elements 

2. Convection (the transfer of heat by the movement of gases or liquids, like warm air rising from a candle 
flame) through air layers on the exterior and interior fenestration product surfaces and between glazing 
layers 

3. Radiative heat transfer (the movement of heat energy through space without relying on conduction 
through the air or by movement of the air, the way you feel the heat of a fire) between glazing layers, or 
between IG units and interior or exterior spaces. 

Solar radiation absorbed by glazing layers will contribute to the temperature driven heat transfer, while solar 
radiation transmitted by the glazing system will be independent of the temperature driven heat transfer. 
Absorbed solar radiation will partially be transmitted into the conditioned space and will be included in 
SHGC. These three modes of heat transfer are shown schematically in Figure 3-1. Heat flows from warmer to 
cooler bodies, thus from inside to outside in winter, and reverses direction in summer during periods when 
the outside temperature is greater than indoors. 

The amount of heat transfer due to these three processes in quantified by its U-factor (W/m2-oC or Btu/h-ft2-
oF). The inverse of heat flow, or resistance to heat transfer, is expressed as an R-value. NFRC's rating system 
quantifies and predicts U-factors. 

Thermal
radiation

Convection
and
conduction

Double-glazed
window

INDOORSOUTDOORS

Figure 3-1. Mechanisms of heat transfer in a fenestration product. 
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3.3.1.  Conduction 

Compared to a well-insulated wall, heat transfer through a typical older fenestration product is generally 
much higher. A single-glazed fenestration product has roughly the same insulating qualities as a sheet of 
metal—most of the insulating value comes from the air layer on each surface of the glass. Such a product can 
be considered a thermal hole in a wall and typically has a heat loss rate ten to twenty times that of the wall. A 
product with such a poor insulating value allows heat to flow out of a space almost unimpeded. If the 
temperature inside is 21°C (70°F) and outside is -18°C (0°F), the glass surface of a single-glazed product 
would be about -8°C (17°F) — cold enough to form frost on the inside of the glass. 

3.3.2.  Convection 

Convection affects the heat transfer in many places in the assembly: the inside glazing surface, the outside 
glazing surface, inside frame cavities, and inside any air spaces between glazings. A cold interior glazing 
surface cools the air adjacent to it. This denser cold air then falls to the floor, starting a convection current 
which is typically perceived as a “draft” caused by leaky fenestration products. One remedy for this situation 
is to install a product with lower heat loss rates that provides a warmer glass surface.  

On the exterior, a component of the heat transfer rate of a fenestration product is the air film against the 
glazing surface. As wind blows across the product (causing convection), and the insulating value of this air 
film diminishes which contributes to a higher rate of heat loss. Finally, when there is an air space between 
layers of glazing, convection currents can facilitate heat transfer through this air layer. By adjusting the space 
between the panes of glass, as well as choosing a gas fill that insulates better than air, double-glazed 
fenestration products can be designed to minimize this effect. 

3.3.3.  Radiation 

All objects emit invisible thermal radiation, with warmer objects emitting more than colder ones. Hold your 
hand in front of an oven window and you will feel the radiant energy emitted by that warm surface. Your 
hand also radiates heat to the oven window, but since the window is warmer than your hand, the net balance 
of radiant flow is toward your hand and it is warmed. Now imagine holding your hand close to a single-
glazed window in winter. The window surface is much colder than your hand. Each surface emits radiant 
energy, but since your hand is warmer, it emits more toward the window than it gains and you feel a cooling 
effect. Thus, a cold glazing surface in a room chills everything else around it.  

3.3.4.  U-factor 

The U-factor  is the standard way to quantify insulating value. It indicates the rate of heat flow through the 
fenestration product. The U-factor is the total heat transfer coefficient of the fenestration system, in W/m2-°C 
(Btu/hr-ft2-°F), which includes conductive, convective, and radiative heat transfer for a given set of 
environmental conditions. It therefore represents the heat flow per hour, in Watts (Btu per hour) through 
each square meter (square foot) of fenestration product for a 1°C (1°F) temperature difference between the 
indoor and outdoor air temperature. The smaller the U-factor of a material, the lower the rate of heat flow. 
The total R-value, which measures thermal resistance, is the reciprocal of the total U-factor (R=1/U).  

The U-factor depends on the thermal properties of the materials in the fenestration product assembly, as well 
as  the weather conditions, such as the temperature differential between indoors and outside, and wind 
speed. NFRC has standardized the exterior conditions (called environmental conditions) for U-factor 
calculations for product ratings using the following temperatures and wind speeds:  

Á Wind Speed: 12.3 km (5.5 mph/hr) 

Á Indoor air temperature: 21°C (70°F) 
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Á Outdoor air temperature: -18°C (0°F).   

Skylights and roof fenestration products are simulated at a 20 degree slope from horizontal. 

3.3.4.1.  Total Product U-factor 

The U-factor of a total fenestration assembly is a combination of the insulating values of the glazing assembly 
itself, the edge effects that occur in the insulated glazing unit, and the insulating value of the frame and sash. 

3.3.4.2.  Center-of-Glazing U-factor 

The U-factor of the glazing portion of the fenestration unit is affected primarily by the total number of glazing 
layers, the dimension separating the various layers of glazing, the type of gas that fills the separation, and the 
characteristics of coatings on the various surfaces. The U-factor for the glazing alone is referred to as the 
center-of-glass U-factor.  

3.3.4.3.  Edge Effects 

A U-factor calculation assumes that heat flows perpendicular to the plane of the fenestration product. 
However, fenestration products are complex three-dimensional assemblies, in which materials and cross 
sections change in a relatively short space.  

For example, metal spacers at the edge of an insulating glass unit have much higher heat flow than the center 
of the insulating glazing, which causes increased heat loss along the outer edge of the glazing. The relative 
impact of these “edge effects” becomes more important as the insulating value of the rest of the assembly 
increases. 

3.3.4.4.  Frames and Sashes 

The heat loss through a fenestration product frame can be quite significant: in a typical 1.2 by 0.9 m (4’ by 3’)  
double-hung wood frame product, the frame and sash can occupy approximately 30 percent of the product 
area. 

In a frame with a cross section made of one uniform, solid material, the U-factor is based on the conduction of 
heat through the material. However, hollow frames and composite frames with various reinforcing or 
cladding materials are more complex. Here, conduction through materials must be combined with convection 
of the air next to the glazing and radiant exchange between the various surfaces.  

Furthermore, frames rarely follow the same cross section around a fenestration product. For example, a 
horizontal slider has seven different frame cross sections, each with its own rate of heat flow. 

3.3.4.5.  Overall U-factor 

Since the U-factors are different for the glazing, edge-of-glazing zone, and frame, it can be misleading to 
compare U-factors if they are not carefully described. In order to address this problem, the concept of a total 
fenestration product U-factor is utilized by the National Fenestration Rating Council (NFRC). A specific set of 
engineering assumptions and procedures must be followed to calculate the overall U-factor of a fenestration 
unit using the NFRC method. In most cases, the overall U-factor is higher than the U-factor for the glazing 
alone, since the glazing remains superior to the frame in insulating value. 

The U-factor of a product is calculated with the product in a vertical position. A change in mounting angle 
can affect its U-factor.  

3-4 July 2006 THERM5.2/WINDOW5.2 NFRC Simulation Manual 



3.  FENESTRATION HEAT TRANSFER BASICS 3.4  Solar Heat Gain and Visible Transmittance 

3.4  Solar Heat Gain and Visible Transmittance 
The second major energy performance characteristic of fenestration products is the ability to control solar 
heat gain through the glazing. Solar heat gain through fenestration products tends to be the single most 
significant factor in determining the air-conditioning load of a residential building. The intensity of heat gain 
from solar radiation can greatly surpass heat gain from other sources, such as outdoor air temperature or 
humidity.  

Visible transmittance (VT) is an optical property that indicates the amount of visible light transmitted 
through the glazing. Although VT does not directly affect heating and cooling energy use, it is used in the 
evaluation of energy-efficient fenestration products and therefore is discussed following the solar heat gain 
section. 

The origin of solar heat gain is the direct and diffuse radiation coming directly from the sun and the sky or 
reflected from the ground and other surfaces. Some radiation is directly transmitted through the glazing to 
the space, and some may be absorbed in the glazing and then indirectly admitted to the space. Sunlight is 
composed of electromagnetic radiation of many wavelengths, ranging from short-wave invisible ultraviolet, 
to the visible spectrum, to the longer, invisible near-infrared waves. About half of the sun’s energy is visible 
light; the remainder is largely infrared with a small amount of ultraviolet. This characteristic of sunlight 
makes it possible to selectively admit or reject different portions of the solar spectrum. While reducing solar 
radiation through fenestration products is a benefit in some climates and during some seasons, maximizing 
solar heat gain can be a significant energy benefit under winter conditions. These often conflicting directives 
can make selection of the “best” product a challenging task. See Section 2.6.9 for a more detailed discussion of 
these properties of fenestration products. 

Reflection Transmission

Absorption

Figure 3-2. A glazing systems properties of reflection, transmission and absorption determine what happens to solar gain. 

3.4.1.  Determining Solar Heat Gain  

There are two means of indicating the amount of solar radiation that passes through a fenestration product. 
These are solar heat gain coefficient (SHGC) and shading coefficient (SC). In both cases, the solar heat gain is 
the combination of directly transmitted radiation and the inward-flowing portion of absorbed radiation 
(Figure 3-3). However, SHGC and SC have a different basis for comparison or reference. The SHGC value is 
calculated for NFRC rating and certification. SHGC replaces SC because it more correctly accounts for angle-
dependent effects. SC represents the ratio of solar heat gain through the system relative to that through 3 mm 
(1/8-inch ) clear glass at normal incidence.  
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Figure 3-3. A glazing systems properties of reflection, transmission and absorption determine what happens to solar gain. 

3.4.2.  Solar Heat Gain Coefficient (SHGC) 

The solar heat gain coefficient (SHGC) represents the solar heat gain through the fenestration system relative 
to the incident solar radiation. Although SHGC can be determined for any angle of incidence, the default and 
most commonly used reference is normal incidence solar radiation. NFRC rated SHGC's are at 0o incidence. 
The SHGC refers to total fenestration product system performance and is an accurate indication of solar gain 
under a wide range of conditions. SHGC is expressed as a dimensionless number from 0 to 1.0. A high SHGC 
value signifies high heat gain, while a low value means low heat gain.   

3.4.3.  Visible Transmittance 

Visible transmittance is the amount of light in the visible portion of the spectrum that passes through a 
glazing material. This property does not directly affect heating and cooling loads in a building, but it is an 
important factor in evaluating energy-efficient fenestration products. Transmittance is influenced by the 
glazing type, the number of layers, and any coatings that might be applied to the glazings.  These effects are 
discussed in more detail later in this chapter in conjunction with a review of various glazing and coating 
technologies. Visible transmittance of glazings ranges from above 90 percent for water-white clear glass to 
less than 10 percent for highly reflective coatings on tinted glass.  

Visible transmittance is an important factor in providing daylight, views, and privacy, as well as in 
controlling glare and fading of interior furnishings. These are often contradictory effects: a high light 
transmittance is desired for view out at night, but this may create glare at times. These opposing needs are 
often met by providing glazing that has high visible transmittance and then adding attachments such as 
shades or blinds to modulate the transmittance to meet changing needs.  

NFRC reports visible transmittance as a rating on the label. Note that NFRC’s rating is a whole product rating 
that combines the effect of both glazing and frame. There are many cases where the transmittance of glazing 
alone will be required, so it is important to make sure that the appropriate properties are being compared. 
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In the past, products that reduced solar gain (with tints and coatings) also reduced visible transmittance. 
However, new spectrally selective tinted glasses and selective coatings have made it possible to reduce solar 
heat gain with little reduction in visible transmittance.  

3.5  Condensation Resistance 
Condensation has been a persistent and often misunderstood problem associated with windows. In cold 
climates, single-glazed windows characteristically suffer from water condensation and the formation of frost 
on the inside surface of the glass in winter. The surface temperature of the glass drops below either the dew 
point or frost point of the inside room air.  

Excessive condensation can contribute to the growth of mold or mildew, damage painted surfaces, and 
eventually rot wood trim. Since the interior humidity level is a contributing factor, reducing interior humidity 
is an important component of controlling condensation.  

Condensation can also be a problem on the interior surfaces of window frames. Metal frames, in particular, 
conduct heat very quickly, and will “sweat” or frost up in cool weather. Solving this condensation problem 
was a major motivation for the development of thermal breaks for aluminum windows. 

Infiltration effects can also combine with condensation to create problems. If a path exists for warm, 
moisture-laden air to move through or around the window frames, the moisture will condense wherever it 
hits its dew point temperature, often inside the building wall. This condensation can contribute to the growth 
of mold in frames or wall cavities, causing health problems for some people, and it encourages the rotting or 
rusting of window frames. Frames must be properly sealed within the wall opening to prevent this potential 
problem. In some instances, the infiltration air will be dry, such as on cold winter days, and it will thus help 
eliminate condensation on the window surfaces. 

Condensation can cause problems in skylights and roof windows as well as typical windows. “Leaky” 
skylights are frequently misdiagnosed. What are perceived to be drops of water from a leak are more often 
drops of water condensing on the cold skylight surfaces. A skylight is usually the first place condensation 
will occur indicating too much moisture in the interior air. Insulating the skylight well and providing 
adequate air movement assists in reducing condensation. Also, the use of more highly insulating glazing with 
a well-designed frame can help solve this problem. In many systems, a small “gutter” is formed into the 
interior frame of the skylight where condensate can collect harmlessly until it evaporates back into the room 
air. 

The NFRC Special Publication NFRC 500 UG: User Guide to NFRC 500 contains more information about 
condensation resistance. 
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3.5.1.  Impact of Glazing Type and Spacers on Condensation 

Figure 3-4 indicates condensation potential for four glazing types at various outdoor temperature and indoor 
relative humidity conditions. Condensation can occur at any points that fall on or above the curves. As the U-
factor of windows improves, there is a much smaller range of conditions where condensation will occur. 
Figure 3-4 must be used with caution, since it shows condensation potential for the center of glazing area only 
(the area at least 63.5 mm (2.5 inches) from the frame/glazing edge). Usually condensation will first occur at 
the lower edge of the product where glazing temperatures are lower than in the center. 

As Figure 3-4 shows, double-glazed products create a warmer interior glazing surface than single-glazing, 
reducing frost and condensation. The addition of low-E coatings and argon gas fill further reduce 
condensation potential. The triple-glazed product with low-E coatings has such a warm interior surface that 
condensation on any interior surfaces may be eliminated if humidity levels are maintained at reasonable 
levels. 

Condensation for typical glazing 
types occur at points in the 
following shaded areas on the 
graph. 

Figure 3-4.  Condensation potential on glazing (center of glazing) at various outdoor temperature and indoor relative humidity 
conditions. 

Condensation forms at the coldest locations, such as the lower corners or edges of an insulated product even 
when the center of glazing is above the limit for condensation. Generally, as the insulating value of the 
glazing is improved, the area where condensation can occur is diminished. Condensation potential increases 
as the outdoor temperature is lowered and the indoor relative humidity increases. 

3.5.2.  Condensation Resistance 

NFRC has developed a Condensation Resistance (CR) value for rating for how well a fenestration product can 
resist the formation of condensation on the interior surface of the product at a specific set of environmental 
conditions. The CR calculation method is defined in the NFRC 500: Procedure for Determining Fenestration 
Product Condensation Resistance Values. 
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3.5.3.  Outdoor Condensation 

Under some climate conditions, condensation may occur on the exterior glazing surface of a window. This is 
more likely to occur on higher-performance windows with low-E coatings or films, and low-conductance gas 
fills that create very low U-factors. By preventing heat from escaping from the interior, the exterior surfaces of 
the window approach outside air temperature. These exterior temperatures may be below the exterior dew 
point causing condensation on the exterior glazing surfaces. This is most likely to happen when there is a 
clear night sky, still air, and high relative humidity, in addition to the right temperature conditions. Like 
other dew formed at night, exterior window condensation will disappear as surfaces are warmed by the sun. 
It is the excellent thermal performance of well-insulated glazing that creates the condition where the outer 
glazing surface can be cold enough to cause condensation to form. 

3.5.4.  Condensation Between Glazings 

A more annoying problem can arise with double-pane windows,  which is condensation between the panes. 
Moisture can migrate into the space between the panes of glass and condense on the colder surface of the 
exterior pane. This condensation is annoying not only because it clouds the view and stains the interior 
surfaces, but because it may mean that the glazing unit must be replaced if it is a sealed insulating glazing 
unit. In a non-sealed unit, simpler remedies may correct the situation. 

Factory-sealed insulated glazing utilizes a permanent seal to prevent the introduction of moisture. The void 
may be filled with air or dry gases, such as argon. A desiccant material in the edge spacer between the panes 
is used to absorb any residual moisture in the unit when it is fabricated or any small amount that might 
migrate into the unit over many years. These windows will fog up when moisture leaking into the air space 
through the seals overwhelms the ability of the desiccant to absorb it. This could happen early in the 
window’s life (the first few years) if there is a manufacturing defect, or many decades later because of 
diffusion through the sealant. Quality control in manufacture, sealant selection, window design, and even 
installation can influence the rate of failure. Once a sealed window unit fails, it is not generally possible to fix 
it, and the sealed unit must be replaced. Moisture in the unit is also likely to reduce the effectiveness of low-E 
coatings and suggests that gas fills may be leaking out. Most manufacturers offer a warranty against sealed-
glazing failure which varies from a limited period to the lifetime of the window. 

When condensation occurs between glazings in a non-sealed unit, there are several possible remedies. Most 
manufacturers who offer non-sealed double glazing include a small tube connecting the air space to the 
outside air, which tends to be dry during winter months. Check to be sure that the inner glazing seals tightly 
to the sash, and clear the air tube if it has become obstructed. In some cases, reducing interior room humidity 
levels may help alleviate the problem. 

3.6  Infiltration 
Infiltration is the leakage of air through cracks in the building envelope. Infiltration leads to increased heating 
or cooling loads when the outdoor air entering the building needs to be heated or cooled. Fenestration 
products and doors are typically responsible for a significant amount of the infiltration in homes. In extreme 
conditions, depending on the type and quality, infiltration can be responsible for as much heat loss or gain as 
the rest of the product. The level of infiltration depends upon local climate conditions, particularly wind 
conditions and microclimates surrounding the house. Typically, U-factor and SHCG effects far outweigh 
infiltration effects. Tight sealing and weatherstripping of the fenestration product, including sash, and frames 
is of paramount importance in controlling infiltration. 

High quality fixed fenestration products help to reduce infiltration because they are easier to seal and keep 
tight. Operable fenestration products are necessary for ventilation, but they are also more susceptible to air 
leakage. Operable units with low air leakage rates are characterized by good design and high-quality 
construction and weatherstripping. They also feature mechanical closures that positively clamp the product 
shut against the wind. For this reason, compression-seal products such as awning, hopper, and casement 
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designs are generally more effectively weatherstripped than are sliding-seal products. Sliding products rely 
on wiper-type weatherstripping, which is more subject to wear over time and can be bypassed when it flexes 
under wind pressure. 

3.7  Solar Properties of Glazing Materials 
Three things happen to solar radiation as it passes through a glazing material. Some is transmitted, some is 
reflected, and the rest is absorbed. These are the three components of solar that determine many of the other 
energy performance properties of a glazing material, such as the solar heat gain coefficient and shading. 
Manipulating the proportion of transmittance, reflectance, and absorptance for different wavelengths of solar 
radiation has been the source of much recent innovation in fenestration energy performance. 

Visible light is a small portion of the electromagnetic spectrum (see Figure 2-3). Beyond the blues and purples 
lie ultraviolet radiation and other higher-energy short wavelengths, from X rays to gamma rays. Beyond red 
light are the near-infrared, given off by very hot objects, the far-infrared, given off by warm room-
temperature objects, and the longer microwaves and radio waves.  

Glazing types vary in their transparency to different parts of the spectrum. On the simplest level, a glass that 
appears to be tinted green as you look through it toward the outside will transmit more sunlight from the 
green portion of the visible spectrum, and reflect/absorb more of the other colors. Similarly, a bronze-tinted 
glass will absorb the blues and greens and transmit the warmer colors. Neutral gray tints absorb most colors 
equally.  

This same principle applies outside the visible spectrum. Most glass is partially transparent to at least some 
ultraviolet radiation, while plastics are commonly more opaque to ultraviolet. Glass is opaque to far-infrared 
radiation but generally transparent to near-infrared. Strategic utilization of these variations has made for 
some very useful glazing products. 

The basic properties of glazing that affect solar energy transfer are: 
 
Á 
Á 
Á 

Visible transmittance 
Reflectance 
Absorptance 

Each is described below. 

3.7.1.  Transmittance 

Transmittance refers to the percentage of radiation that can pass through glazing. Transmittance can be 
defined for different types of light or energy, e.g., “visible light transmittance,” “UV transmittance,” or “total 
solar energy transmittance.”  Each describes a different characteristic of the glazing. Visible transmittance is 
the total fenestration product system's transmittance across the visible portion of the solar spectrum. 
Although VT can be determined for any angle of incidence, the default and most commonly used reference is 
normal incidence solar radiation. Transmission of visible light determines the effectiveness of a type of glass 
in providing daylight and a clear view through the fenestration product. For example, tinted glass has a 
lower visible light transmittance than clear glass.  

With the recent advances in glazing technology, manufacturers can control how glazing materials behave in 
these different areas of the spectrum. The basic properties of the substrate material (glass or plastic) can be 
altered, and coatings can be added to the surfaces of the substrates. For example, a product optimized for 
daylighting and for reducing heat gains should transmit an adequate amount of light in the visible portion of 
the spectrum, while excluding unnecessary heat gain from the near-infrared part of the electromagnetic 
spectrum. 
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On the other hand, a product optimized for collecting solar heat gain in winter should transmit the maximum 
amount of visible light as well as the heat from the near-infrared wavelengths in the solar spectrum, while 
blocking the lower-energy radiant heat in the far-infrared range that is an important heat loss component. 
These are the strategies of spectrally selective and low-emittance coatings, described later in the chapter.  

Clear glass

Reflecting glass

Heat-absorbing glass

8%
reflected

80%
transmitted

6% absorbed
and reradiated
into space

6% absorbed
and convected
away

26%
reflected

50%
transmitted

6% absorbed
and reradiated
into space

18% absorbed
and convected
away

5%
reflected

40%
transmitted

12% absorbed
and reradiated
into space

43% absorbed
and convected
away

Figure 3-5.  Different glass types have different characteristics for the amount of solar radiation reflected, transmitted, absorbed, and 
re-radiated. 

3.7.2.  Reflectance 

Just as some light reflects off of the surface of water, some light will always be reflected at every glass surface. 
A specular reflection from a smooth glass surface is a mirror-like reflection similar to when you see an image 
of yourself in a store window. The natural reflectivity of glass is dependent on the quality of the glass surface, 
the presence of coatings, and the angle of incidence of the light. Today, virtually all glass manufactured in the 
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United States is float glass and has a very similar quality with respect to reflectance. The sharper the angle at 
which the light strikes, however, the more the light is reflected rather than transmitted or absorbed . Even 
clear glass reflects 50 percent or more of the light striking it at incident angles greater than about 70 degrees. 
(The incident angle is formed with respect to a line perpendicular to the glass surface.) 

Coatings can often be detected by careful examination of a reflected bright image, even if the coating is a 
transparent low-E coating. Hold a match several inches from a fenestration product at night and observe the 
reflections of the match in the glass. You will see two closely spaced images for each layer of glass, since the 
match reflects off the front and back surface of each layer of glass. A wider spacing between the two sets of 
pairs of images occurs with a wider air space between the glass panes. A subtle color shift in one of the 
reflected images normally indicates the presence of a low-E coating.  

The reflectivity of various glass types becomes especially apparent during low light conditions. The surface 
on the brighter side acts like a mirror because the amount of light passing through the fenestration product 
from the darker side is less than the amount of light being reflected from the lighter side. This effect can be 
noticed from the outside during the day and from the inside during the night. For special applications when 
these surface reflections are undesirable (i.e., viewing merchandise through a store window on a bright day), 
special coatings can virtually eliminate this reflective effect. 

The reflectivity of glass can be increased by applying various metallic coatings to the surface. Early processes 
used a liquid alloy of mercury and tin to create mirrors. A silvering process developed in 1865 improved the 
performance of mirrors. Today, mirror-like surfaces can be created by using vacuum-deposited aluminum or 
silver, or with a durable pyrolytic coating applied directly to the glass as it is manufactured. Thick coatings 
can be fully reflective and virtually opaque; a thinner coating is partially reflective and partially transmitting.  

Most common coatings reflect all portions of the spectrum. However, in the past twenty years, researchers 
have learned a great deal about the design of coatings that can be applied to glass and plastic to reflect only 
selected wavelengths of radiant energy. Varying the reflectance of far-infrared and near- infrared energy has 
formed the basis for low-emittance coatings for cold climates, and for spectrally selective low-emittance 
coatings for hot climates. 

3.7.3.  Absorptance 

Energy that is not transmitted through the glass or reflected off of its surfaces is absorbed. Once glass has 
absorbed any radiant energy, the energy is transformed into heat, raising the temperature of the glass. 

Typical 1/8-inch (3 mm) clear glass absorbs only about 4 percent of incident sunlight. The absorptance of 
glass is increased by adding to the glass chemicals that absorb solar energy. If they absorb visible light, the 
glass appears dark. If they absorb ultraviolet radiation or near-infrared, there will be little or no change in 
visual appearance. Clear glass absorbs very little visible light, while dark tinted glass absorbs a considerable 
amount. The absorbed energy is converted into heat, warming the glass. Thus, when these “heat-absorbing” 
glasses are in the sun, they feel much hotter to the touch than clear glass.  They are generally gray, bronze, or 
blue-green and are used primarily to lower the solar heat gain coefficient and to control glare. Since they 
block some of the sun’s energy, they reduce the cooling load placed on the building and its air-conditioning 
equipment. Absorption is not the most efficient way to reduce cooling loads, as discussed later.  

3.8  Infrared Properties of Glazing Materials (Emittance) 
When heat or light energy is absorbed by glass, it is either convected away by moving air or reradiated by the 
glass surface. This ability of a material to radiate energy is called its emissivity. Fenestration products, along 
with all other household objects, typically emit, or radiate, heat in the form of long-wave far-infrared energy. 
This emission of radiant heat is one of the important heat transfer pathways for a fenestration product. Thus, 
reducing the product’s emission of heat can greatly improve its insulating properties. 
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Standard glass has an emittance of 0.84 over the long wavelength portion of the spectrum, meaning that it 
emits 84 percent of the energy possible for an object at its temperature. It also means that for long-wave 
radiation (where there is no transmittance) striking the surface of the glass, 84 percent is absorbed and only 16 
percent is reflected. By comparison, low-E glass coatings have an emittance as low as 0.04. This glazing would 
emit only 4 percent of the energy possible at its temperature, and thus reflect 96 percent of the incident long-
wave infrared radiation. 

THERM5.2/WINDOW5.2 NFRC Simulation Manual July 2006 3-13 



 



4.  SUMMARY OF ALGORITHMS 

4.1.  THERM and WINDOW Algorithms 
This section is a brief overview of the calculational algorithms found in THERM and WINDOW. Much more 
detailed documentation is available and is referenced in the appropriate parts of this discussion. The 
algorithms in both programs are based on ISO 15099, with the exceptions documented in Appendix A of this 
manual. 

4.1.1.  WINDOW 

The WINDOW program calculates: 

Á Center-of-glazing properties of a glazing system 

Á Total product area-weighted properties (based on previously calculated center-of-glazing properties, 
frame, edge-of-glazing, divider, and divider-edge properties calculated in THERM) 

WINDOW algorithms are documented in two publications: 

Á "WINDOW 5: Program Description, A PC Program for Analyzing the Thermal Performance of 
Fenestration Products", R. Mitchell, C. Kohler, D. Arasteh, John Carmody, C. Huizenga, Dragan 
Curcija, LBNL-44789 DRAFT, June 2001;  

Á WINDOW 6: Mathematical Models and Computer Algorithms for Calculation of Thermal 
Performance of Glazing Systems.  

4.1.2.  THERM: 

The THERM program calculates: 

Á Frame and edge-of-glazing properties, the results of which are imported into WINDOW where the 
total product properties are calculated. 

4.2  WINDOW Computational Method 
Heat transfer across a fenestration product is a function of both the temperature difference between the inside 
and outside and the incident solar radiation on the product. In order to evaluate heat transfer through a 
specific product, its configuration and physical dimensions must be specified. This includes the glazing 
properties (visible, total solar and infrared optical properties, and thermal conductivity), the gap gas (air or 
low-conductivity gas) thermophysical properties, spacer and frame characteristics, and environmental 
conditions. 

Fenestration product heat transfer through the center-of-glazing area is primarily a one-dimensional process. 
It is analyzed by breaking down the glazing system cross section into an assembly of nodes and calculating 
the heat transfer between each node. Under steady-state conditions, the temperatures of the nodes are such 
that the net energy flux entering each node is equal to that leaving each node. To perform the energy balance, 
WINDOW models the user-defined glazing system as a one-dimensional, steady-state resistance network, 
shown in Figure 4-1. An iterative solution method is then used to converge upon the correct temperature 
distribution. From this temperature distribution, any desired performance index can be calculated. 
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Figure 4-1. Resistance network used to model center-of-glazing heat transfer in WINDOW. 

Two temperature nodes are assigned to each glazing layer (front and back surface), along with outdoor and 
indoor air temperature nodes. The resistance between each node equals the inverse of the sum of the radiative 
and conductive/convective heat transfer coefficients. The temperature-dependent conduction/convection 
and effective-radiation heat transfer coefficients for the outward-facing and inward-facing surfaces and for 
the gas-filled gaps are calculated from the temperature distribution. The heat transfer coefficients between the 
nodes within the solid materials simply depend on the conductivity of the materials, where the materials are 
considered to be homogenous. 

Conductive/convective heat transfer coefficients are calculated based on empirical relationships. The outdoor 
film coefficient depends on the wind speed and the direction from which the wind is blowing. The indoor 
film coefficient is a function of the difference between the inward-facing surface temperature, the indoor 
temperature, and the height of the fenestration product. Gap heat transfer coefficients are computed from 
empirical equations for the Nusselt number. The Nusselt number is a non-dimensional quantity that relates 
the temperature difference between the surfaces bounding the gap, and width, height and thermophysical 
properties of the gap gas. Fenestration product tilt is also accounted for in all conductive/convective 
correlations. 

The radiative energy flux leaving each surface is calculated from the Stephan-Boltzmann law using the 
surface infrared hemispherical emissivity and temperature. The net radiative flux between radiating nodes 
divided by the associated temperature difference gives an effective radiation heat transfer coefficient. 

The measure of the heat transmission through the fenestration product is its overall U-factor, which is the 
inverse of the total thermal resistance in the absence of solar radiation. The measure of energy transfer due to 
solar radiation is the Solar Heat Gain Coefficient or SHGC, which is calculated from the solar-optical 
properties of the glazing and framing system, and the portion of absorbed solar energy that is transmitted to 
the indoor side. 

To accurately model glazing systems with multiple spectrally selective glazings (i.e., glazings with solar-
optical properties which vary by wavelength, such as many low-emissivity coatings), a multi-band model is 
used in WINDOW. In this model, WINDOW calculates the transmittance and reflectance for the glazing layer 
or the glazing system wavelength by wavelength, and then weights the properties by the appropriate 
weighting functions to obtain the total solar, visible, thermal infrared properties, as well as the damage-
weighted transmittance and the transmittance between 0.30 and 0.38 microns. To use the multi-band model, 
WINDOW needs a spectral data file for each glazing layer. These data files are updated and maintained by 
LBNL and available from NFRC. If some of the glazing layers in a glazing system do not have a spectral data 
file, WINDOW assumes a flat spectral behavior of the glazings without the spectral data files, based on their 
stated visible and solar properties. For NFRC certification simulation, the NFRC-approved spectral data files 
must be used (indicated by a # symbol in the WINDOW Glass Library). 
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4.3  THERM Computational Methods 
THERM incorporates a two-dimensional heat transfer model, utilizing a finite element method to numerically 
solve the governing two-dimensional energy equation. The geometry of the fenestration system consists of 
the frame and glazing sections, where glazing materials are transferred from the WINDOW program. Frame 
materials are directly assigned in the THERM program and the appropriate boundary conditions are applied 
on the frame surfaces exposed to indoor room air and outdoor air, while the bottom frame surfaces and the 
top of glazing surfaces are assigned adiabatic boundary conditions. The numerical model needs to have 
boundary conditions assigned to each boundary surface of the model in order to be completely defined. 

Boundary conditions on indoor and outdoor surfaces consist of both a convection and radiation component.  
The convection component on the indoor side is specified through the use of a temperature dependent 
surface heat transfer coefficient, based on natural convection correlations. For each frame material type there 
is a constant value of the convective surface heat transfer coefficient. The radiation component is modeled 
explicitly through the use of a detailed, view-factor-based radiation model. This model assumes that the 
indoor environment has a uniform temperature and the emissivity of a black body (ε=1.0), while the 
appropriate emissivity is assigned to each frame and glass surface. While the majority of surfaces have an 
emissivity of 0.9, metals like Aluminum have an emissivity of 0.2. On the outdoor side, the convective portion 
of the boundary condition is specified as a constant, dependent on the wind velocity. The radiation 
component is modeled explicitly, but under the simplified black body assumption (i.e., each surface on the 
outdoor fenestration boundary has a perfect view of the outdoor environment with the view factor of 1.0). 

The convection and radiation in glazing and frame cavities is approximated through the use of an effective 
conductivity, keff, which assumes the gas to be an equivalent solid with the conductivity being equal to the 
base conductivity of the gas, plus the convection and the radiation component added to the conductivity 
value. The effective conductivity of the glazing is transferred from the WINDOW program, while for frame 
cavities, their value is calculated by the THERM program based on the geometry, heat flow direction, surface 
emissivities and temperatures. The frame cavities may be completely enclosed or partially ventilated (only on 
the outdoor side), depending on the configuration and size of the section, connecting the frame cavity with 
the outdoor environment. 

Upon the completion of the numerical simulation, the error estimator portion of the program makes local 
error estimates, and based on the error levels, refines troublesome regions of the model and recalculates the 
entire model. This procedure is repeated until no local regions show error levels higher than what is 
prescribed. This error estimator is based on the error energy norm methodology by Zinkiewitz (see the 
THERM 2.0 User’s Manual, Section 9, References) 

The details of the models are in  the “THERM  2.0 Users Manual (THERM 2.0 for Analyzing Two-
Dimensional Heat Transfer Through Building Products)” and “Conrad 5 and Viewer 5 Technical and 
Programming Documentation” [Curcija 2006].  The following diagram shows the program flow. 
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Figure 4-2 shows the steps involved in a THERM analysis. 

Model is defined 
(See Finlayson 1998) 
Á Geometry is drawn 
Á Material properties assigned 
Á Boundary Conditions assigned  

Mesher generates mesh  
(See George 1991 and Baehmann 1987) 

Finite Element Analysis Solver calculates 
temperature and heat flux values  
(See Curcija 1995, Curcija 1998, Pepper 1992, 
Shapiro 1983, Shapiro 1986, Shapiro 1990, and 
Zienkiewicz 1989.) 

Error Energy Norm (EEN) determines if mesh needs 
to be refined 
(See Zienkiewicz 1992a and Zienkiewicz 1992b) 

Post-processor produces temperature and heat flux 
results by element  
(See Shapiro 1983, Shapiro 1986, and Shapiro 

Mesh is refined if 
EEN value is not met  

Post-processed results are reported (See Finlayson 
1998): 
Á U-factor 
Á Min/Max Temps 

Figure 4-2. THERM program calculation procedures flow chart. 
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4.4  Total Product Calculations 
The total fenestration product properties for U-factor, SHGC and VT are based on an area-weighted average 
of the product's component properties which are:  

Á the center-of-glazing properties of the glazing system 

Á the frame 

Á edge-of-glazing 

Á divider 

Á Edge-of-divider 

The frame edge and divider edge properties depend on the center-of-glazing properties of the associated 
glazing system.  

This area-weighted total product value can be calculated using the WINDOW program, or other calculation 
tool such as a spreadsheet. This procedure for this area-weighted calculation is: 

1. Multiply the component property by the component area 

2. Sum these area-weighted component properties 

3. Divide the area-weighted sum by the total projected area of the product 

The operator types (fixed, vertical slider, horizontal slider, casement) determine which components (head, 
jamb, sill and meeting rail) are required to calculate the whole product area-weighted values. 

4.4.1.  U-factor 

The whole-product area weighted U-factor calculation, shown below, is documented in Equation 4 in "NFRC 
100: Procedures for Determining Fenestration Product U-factors". 

[4-1] 
[ ]
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Where: 

Ut = Total product U-factor, W/m2-oK , (Btu/hr-ft2-oF). 

Apf = Projected fenestration product area, m2 (ft2). 

Uf = Frame U-factor, W/m2-oK , (Btu/hr-ft2-oF). 

Af = Frame area, m2 (ft2). 

Ud = Divider U-factor, W/m2-oK , (Btu/hr-ft2-oF). 

Ad = Divider area, m2 (ft2). 

Ue = Edge-of-glazing U-factor, W/m2-oK , (Btu/hr-ft2-oF). 

Ae = Edge-of-glazing area, m2 (ft2). 

Ude = Edge-of-divider U-factor, W/m2-oK , (Btu/hr-ft2-oF). 

Ade = Edge-of-divider Area, m2 (ft2). 

Uc = Center-of-glazing U-factor, W/m2-oK , (Btu/hr-ft2-oF). 
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Ac = Center-of-glazing area in ft2 (m2). 

4.4.2.  Solar Heat Gain Coefficient (SHGC) 

The total solar heat gain coefficient is determined by an area-weighted average of contributions from 
the transparent and the opaque elements in the fenestration product. The SHGC is a function of the 
solar transmittance, the solar absorptances of each layer and the inward flowing fraction of thermal 
energy. The SHGC is calculated for each component of the product separately. See ISO 15099 for 
detailed algorithm documentation  

All the transparent regions (center-of-glazing, edge-of-glazing, and edge-of-divider) have the same SHGC. 
Once the SHGC of the opaque elements is determined the total SHGC is calculated as the area-weighted 
average of the SGHC through the transparent and the opaque portions of the fenestration product as shown 
below. 

[4-2] 
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Where: 

SHGCt  = Total product SHGC (dimensionless). 

Apf  = Projected fenestration product area, m2 (ft2). 

SHGCf  = Frame SHGC (dimensionless). 

Af  = Frame area in, m2 (ft2). 

SHGCd  = Divider SHGC (dimensionless). 

Ad  = Divider area in, m2 (ft2). 

SHGCe  = Edge-of-glazing SHGC (dimensionless). 

SHGCe  = Edge-of-glazing area in, m2 (ft2). 

SHGCde  = Edge-of-divider SHGC (dimensionless). 

SHGCde  = Edge-of-divider Area in, m2 (ft2). 

SHGCc  = Center-of-glazing SHGC (dimensionless). 

Ac  = Center-of-glazing area, m2 (ft2). 

For NFRC rating purposes, Section 6 of NFRC 200 shall be followed to obtain SHGC values. 

4.4.3.  Visible Transmittance 

The whole-product area weighted visible transmittance calculation is shown below. 

[4-3] 
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Where: 

VTt = Total product VT (dimensionless) 

Apf = Projected fenestration product area, m2 (ft2). 

VTf = Frame VT (dimensionless). 

Af = Frame area, m2 (ft2). 

VTd = Divider VT (dimensionless). 
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Ad = Divider area, m2 (ft2). 

VTe = Edge-of-glazing VT (dimensionless). 

VTe = Edge-of-glazing area, m2 (ft2). 

VTde = Edge-of-divider VT (dimensionless). 

VTde = Edge-of-divider, m2 (ft2). 

VTc = Center-of-glazing VT (dimensionless). 

Ac = Center-of-glazing area, m2 (ft2). 

For opaque components (all known frames and dividers) the component visible transmittance (VTf , VTd) are 
zero. Also note that, as defined by NFRC 200, visible transmittance VTc = VTe = VTde 

For NFRC rating purposes, Section 6 of NFRC 200 shall be followed to obtain VT values. 

4.4.4.  Condensation Resistance 

The whole-product Condensation Resistance calculation is implemented in WINDOW according to NFRC 
500: Procedure for Determining Fenestration Product Condensation Resistance Values.  The procedure is based on 
the calculated surface temperature on the indoor side of the glazing and frame boundaries. The glazing cavity 
model for condensation resistance is based on the variable convective surface heat transfer coefficient, rather 
then effective conductivity. This is because the spatial distribution of surface temperatures are important, and 
therefore the effective conductivity model for the glazing cavity, which produces sufficiently accurate average 
results, does not produce sufficiently accurate local results. The details of the methodology are given in 
“Conrad 5 and Viewer 5 Technical and Programming Documentation” [Curcija 2006]. 
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Figure 4-3. Components for the whole product area-weighted calculation. The view on the left is a section, and the view on the right is 
an elevation. 

Installation 
Clearance 

Frame 

Edge of Glazing 
(63.5 mm, 2.5") 

Center-of-glazing 

Divider Edge  
(63.5 mm, 2.5") 

Divider Edge  
(63.5 mm, 2.5")

Divider 

Center-of-glazing 

Edge of Glazing  
(63.5 mm, 2.5") 

Frame 

Installation 
Clearance 

Projected 
Fenestration 
Product Area 

Rough 
Opening 

Frame 
Edge-of-
Glazing 

Divider 
Edge 

Center-of-
Glazing 

Divider 



4.  SUMMARY OF ALGORITHMS 4.4  Total Product Calculations 

The following figure is from NFRC 100 and shows in detail how each section of the product is area-weighted. 
The WINDOW program implements this scheme for area-weighting. 
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            Figure 1:  Fenestration Product Schematic — Vertical Elevation   
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Figure 4-4. Schematic for whole product area-weighting from the NFRC 100 document. 
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5.  MODELING CENTER-OF-GLAZING WITH WINDOW 

5.1.  Overview 
The WINDOW program calculates the center-of-glazing U-factor (Uc), Solar Heat Gain Coefficient (SHGCc), 
Visible Transmittance (VTc) and Fading Resistance (FR) according to the following procedures: 

Á NFRC 100: Procedure for Determining Fenestration Product Thermal Properties 

Á NFRC 200: Procedure for Determining Fenestration Product Solar Heat Gain Coefficients at Normal incidence  

Á NFRC 300: Procedure for Determining Solar Optical Properties of Simple Fenestration Product 

Á NFRC 500: Procedure for Determining Fenestration Product Condensation Resistance Values 

Á ISO 15099: Thermal Performance of Windows, Doors and Shading Devices – Detailed Calculations 

The WINDOW User's Manual, WINDOW 5: Program Description, A PC Program for Analyzing the Thermal 
Performance of Fenestration Products (http://windows.lbl.gov/software) contains detailed information about 
how to use the program, and can be used to become familiar with the program before reading this manual. 

For NFRC simulations, the procedure for calculating the center-of-glazing U-factor in WINDOW is: 

Á Verify that the Glass Library entries are from the currently approved International Glazing Data 
Library associated with the Optics program (the following website contains current updates:  
http://windows.lbl.gov/software and click on the International Glazing Database link) 

Á Create a glazing system for the product to be modeled which is composed of entries from the Glass 
and Gas Libraries 

Á This Glazing System can then be imported into THERM to calculate the frame and edge-of-glazing 
values 

Á The Glazing System is also used in WINDOW when constructing the whole product in the Window 
Library. 

 

Figure 5-1. WINDOW Glazing System Library Detailed View. 
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5.2.  Glass Library 
The Glass Library contains individual glass layers that can be used to construct glazing systems. For NFRC 
simulations, the NFRC approved glass layers from the International Glazing Database shall be used. 
WINDOW will install a current International Glazing Database, but the library is updated frequently so check 
the website mentioned in Section 5.1 for updates. The data in the International Glazing Database is 
determined according to the NFRC 300 procedure. When the NFRC approved glass data is used, a # symbol 
appears in the Mode fields of both the Glass Library (shown in Figure 5-2) and the Glazing System Library 
(shown in Figure 5-1). All certification simulations must use the most current NFRC-approved International 
Glazing Database (IGDB). 

The Glass Library imported from the International Glazing Database contains glass products of specific 
manufacturers, as well as several entries for generic uncoated products, indicated by the Manufacturer field 
being set to “Generic”. The values for these generic entries are not measured properties from any specific 
glass products, but are averaged spectral data from at least two samples. 

 

Figure 5-2. WINDOW Glass Library. 

On the left hand side of the screen, of particular interest is the NFRC only checkbox; if checked, only the 
records with a “#” in the Mode column will be displayed, which are the records certified for NFRC 
simulations.  

Detailed View Click on this button to see all the information about the currently highlighted record. 

The optical properties defined for each glass entry are listed below: 
ID The unique ID associated with this record. For records whose Source is “Optics”, this ID 

is the “NFRC ID” from the International Glazing Database. For records whose Source is 
“User”, this ID is assigned automatically by WINDOW but can be overwritten by the 
user as long as it is unique. 

Name The name of the glass layer. If the record was imported from the International Glazing 
Database, this name will automatically come from that database. 

Product Name The Product Name field from the International Glazing Database. 
Manufacturer The name of the glass manufacturer. If the record was imported from the International 

Glazing Database, this name will automatically come from that database. 
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Source Source of the glass record. Current options are: 
Á Optics5 v <nn.n>: Indicates that the data was imported from the International 

Glazing Database, with the database version number, such as, 11.4. These records 
will have the spectral data information from the International Glazing Database. 

Á User: Indicates that the data was created when the user copied an existing record 
into a new record. User defined records will not have associated spectral data 
values. 

Mode An identifier to determine if the glass layer is approved by NFRC. Only records with 
“#” in this field can be used for NFRC simulations.  

Color A graphic representation of the color of the glass. 
Thickness Glass thickness. Units: mm (SI); inches (IP). 
Tsol Solar transmittance of the glazing layer. 
Rsol1 Solar reflectance of the glazing layer, exterior-facing side. 
Rsol2 Solar reflectance of the glazing layer, interior-facing side. 
Tvis Visible transmittance of the glazing layer. 
Rvis1 Visible reflectance of the glazing layer, exterior-facing side. 
Rvis2 Visible reflectance of the glazing layer, interior-facing side. 
Tir Thermal infrared (longwave) transmittance of the glazing layer. 
emis1 Infrared (longwave) emittance of the glazing layer, exterior-facing side 
emis2 Infrared (longwave) emittance of the glazing layer, interior-facing side 
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5.3  Glazing System Library -- Center-of-Glazing U-factor 
The center-of-glazing U-factor is determined in the WINDOW Glazing System Library. A glazing system is 
created by specifying layers of glass from the Glass Library, as well as the gas fill material between the 
layers, such as air or argon. Detailed instructions about creating a glazing system can be found in the 
WINDOW 5 User's Manual. A sample glazing system library entry is shown in Figure 5-3. 

When defining a glazing system, the number of glass layers (# Lay), the Tilt, and the Environmental 
Conditions (Env Cond) must be specified. For NFRC certification calculations the Environmental 
Conditions have restricted values, as discussed in the next section. Also, the glass layers must be from the 
Glass Library using approved records from the International Glazing Database, indicated by a # value in the 
Mode field of the glass layer record, as shown in Figure 5-3.  

Note: to see the U-factor value to four decimal places, click on File/Preferences menu choice and in the Calculation 
Options tab, set the Display Precision field to”4” 

For NFRC 
certification 
calculations, the 
NFRC 100-2001 
Environmental 
Conditions 
choice must be 
used. 

Click on the 
double arrow to 
access the Glass 
Library to select 
a layer. 

The values in the 
Results section will be 
“?” until the glazing 
system is calculated 
using the Calc button. 

Figure 5-3. Selecting glass layers in the Glazing Systems Library. 
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For NFRC certification 
calculations of SHGC 
and VT, glass layers 
from the Glass Library 
with a # in the Mode field 
shall be used. The # 
indicates that the record 
is approved for NFRC 
simulations. 

When the glass and gap layers have been 
defined, click on the Calc button and the 
center-of-glazing U-factor as well as other 
results will be displayed in the Results 
section at the bottom of the screen. This 
value is used when the glazing system is 
imported into THERM. 

Figure 5-4. Calculating results in the Glazing Systems Library. 

The Center of Glass Results tab at the bottom of the screen shows the results for the glazing system. The U-
factor results are based on a default glazing system height of one meter. This center-of-glazing U-factor value 
will be recalculated in the Window Library to reflect the true height of the product being modeled. (See 
Section 7, “Total Product Calculations”, for more information). 
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All the Glazing System Library records can be seen in the List View, access by clicking the List button from 
the Glazing System Library Detailed View. 

A “#” in the Mode field indicates that all the 
glass layers in the glazing system are 
NFRC approved. 

Figure 5-5. The List View of the Glazing System Library shows all the glazing systems. 
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5.3.1.  Environmental Conditions 

When defining the glazing system for use in an NFRC certified simulation, the NFRC 100-2001 choice must 
be used for the Environmental Conditions (Env Cnd) parameter, which contains the parameters defined by 
NFRC 100. Figure 5-4 shows the NFRC 100-2001 choice in the WINDOW Environmental Conditions Library. 
Table 5-1 lists the values for the U-factor calculation and Table 5-2 lists the values for the Solar Heat Gain 
Coefficient calculation. 

  
Figure 5-6. WINDOW Environmental Conditions Library  List View. 

Use the NFRC 100-2001 Environmental Conditions Library in WINDOW for NFRC center-of-glazing simulations

 Figure 5-7. WINDOW Environmental Conditions Library Detailed View of U-factor settings. 
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Table 5-1.  Environmental Conditions for NFRC Simulations for U-factor calculations. 

Variable SI Units IP Units (reference only) 
Outside Temperature -18oC 0oF 

Inside Temperature 21oC 70oF 

Wind Speed 5.5 m/s 12.3 mph 

Wind Direction Windward Windward 

Direct Solar 0 W/m2 0 Btu/hr-ft2 

Sky Temperature (Tsky) -18oC 0oF 

Sky Emissivity (Esky) 1.00 1.00 

   
Use the NFRC 100-2001 Environmental Conditions Library in 
WINDOW for NFRC center-of-glazing simulations 

 Figure 5-8. WINDOW Environmental Conditions Library – Settings for SHGC. 

 

Table 5-2.  Environmental Conditions for NFRC Simulations for SHGC  and VT calculations. 

Variable SI Units IP Units 
Outside Temperature 32oC 89oF 

Inside Temperature 24oC 75oF 

Wind Speed 2.75 m/s 6.15 mph 

Wind Direction Windward Windward 

Direct Solar 783 W/m2 248.2Btu/hr-ft2 

Sky Temperature (Tsky) 32oC 89oF 

Sky Emissivity (Esky) 1.00 1.00 
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It is possible to make new environmental conditions with specific conditions specified, in order to evaluate 
the design of a product. However, only the pre-defined NFRC 100-2001 shall be used for NFRC rating 
purposes. 

5.3.2.  Coatings 

The location of coatings on a glass layer can affect the center-of-glazing U-factor and therefore the whole 
product calculation, so it is important to specify the location correctly. When using a glass entry from the 
WINDOW Glass Library, if the coating is not on the correct surface, the glass layer shall be flipped. To flip a 
glass layer, while on a glass layer in Edit mode, click on the Flip checkbox, and the glass surfaces will be 
flipped, as indicated by the dashed line in the graphic display of the glazing system.  

Coating is on 
the outside of 
the glass layer. 

Click on the Flip checkbox and the glass 
layer will be flipped so that the coating is on 
the inside of the glass layer. 

  Figure 5-9. Use the Flip checkbox to flip the coatings on a glass layer. 
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5.3.3.  Gas Fill 

The gas used to fill the gap between the glass layers makes a significant contribution to the center-of-glazing 
U-factor, although it does not have much affect on the Solar Heat Gain Coefficient. For NFRC certified 
simulations, the gas to be shipped in the fenestration product shall be modeled. When creating a glazing 
system in WINDOW, choose the appropriate gas fill from the Gas Library, which contains the maximum gas 
fills that can be used, as shown in the figure below. Custom gas mixtures can be defined in the Gas Library. 
See the WINDOW User’s Manual for more details about making a new gas mixture in the Gas Library. 

When a gas is used to fill the gap between glass layers, there is always a mixture of the gas and air. The 
amount of air mixed in is dependent on many factors including the method used to fill the gap, either 
evacuated chamber filling, two-probe filling with a concentration sensor, or single-probe timed filling. Table 
5-3 shows the maximum gas concentrations that can be achieved with each method. For NFRC certification 
simulations, the simulator shall request the gas-filling technique and the gas concentration for their product 
from the manufacturer. 

Table 5-3.  Gas Concentrations based on Filling Technique. 

Filling Technique Maximum Gas Concentrations 
Achieved 

Evacuated Chamber Filling 97% 

Two-Probe Filling with a Concentration Sensor 95% for Argon filled 
90% for any other gas (Krypton, Xenon, etc) 

Single-Probe Timed Filling 60-90% 

For IG units with multiple gases, the simulation shall be performed using the gas concentrations stipulated by 
the manufacturer, but in no case can the simulation exceed the “Maximum Gas Concentration” shown in 
table 5.3 for the fill technique used. In the case where the fill technique is “Two-Probe with concentration 
sensor” and the gas mix is Krypton & Argon, the Maximum Gas Concentration of the mixed gas shall not 
exceed 90%. (Reference: NFRC TI-2003-07). 

 

Figure 5-10. WINDOW Gas Library. 
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5.3.4.  Laminated Glass / Applied Films 

At the time of this writing, to model laminated glass or glass with applied films in WINDOW, the data must 
be approved data (with “#”) in the IGDB. 

5.4  Solar Heat Gain Coefficient and Visible Transmittance 
The document NFRC 200: Procedure for Determining Fenestration Product Solar heat Gain Coefficients at Normal 
Incidence contains the rules and definitions for calculating the Solar Heat Gain Coefficient and Visible 
Transmittance for products. Consult NFRC 200 to determine how to group products for these calculations, as 
well as algorithm documentation. 

In WINDOW, the center-of-glazing Solar Heat Gain Coefficient (SHGC) and Visible Transmittance (VT) are 
automatically calculated in the Glazing System Library in the Center of Glass Results tab, as shown in the 
figure below.  

In addition, these values are calculated for the whole product and for the NFRC SHGC 0 and 1 and VT 0 and 
1 cases in the Window Library, as explained in Chapter 7 of this manual. 

The center-of-glazing Solar 
Heat Gain Coefficient (SHGCc) 

The center-of-glazing Visible 
Transmittance (Vtc) 

 Figure 5-11. The center-of-glazing SHGC and VT are calculated in the WINDOW Glazing System Library. 
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