CHAPTER 43

BUILDING ENVELOPES

Residential FOURAALIONS ................ccouveeeueeeceeecieeeieeeieeeeieeaenns 43.1
ReSidential WALLS ............c.cceeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 433
Residential Roof and Ceiling Assemblies ..... 43.5
FONESIFALION ... 43.6

Wall/Window IRterface .................cccccooccoecincoincneincncnnn.
Wall/ROOf INLEITACE ...........cveuveeeanieieieeieeiieiieiiaieereesenieaeiennes

Thermal Bridges in Buildings ....
Thermal MASS ...............c.ccoeeveeeeeeeeereeieeeeeeeeee e 43.11

HE building envelope comprises the outer elements of a build-
ing, including foundations, walls, roof, windows, doors, and
floors. This chapter concentrates on the interaction between the com-
ponents of the building envelope and on the effects on the interior
environment of a building. Understanding this interdependence is
essential to executing a reliable building envelope.
The prime functions of the building envelope are to provide

Shelter (strength, rigidity, stability, durability) for occupants
Security

Control of heat, air, and moisture vapor flows

Control of liquid water movement

Indoor air quality control

Fire resistance

Cost-effectiveness

Acoustical performance

Aesthetic considerations

In buildings with a large ratio of volume to exterior surface area,
internal heat sources may be large compared with gains or losses
through the envelope. The effect of the envelope becomes increas-
ingly important as the ratio decreases. In single-family dwellings,
heat transfer through the envelope is the dominant factor in deter-
mining overall heating and cooling loads. However, local control
(e.g., in business offices) may depend on the ability of glazing to
control heat gain or loss.

RESIDENTIAL FOUNDATIONS

Good foundation design entails not only structural soundness
and good insulation, but also appropriate moisture, termite, and
radon control. In North America, several building energy codes rec-
ommend foundation insulation in climates with more than 1400
heating kelvin-days (base 18°C). An uninsulated, conditioned base-
ment may lose up to 50% of the heat in a tightly sealed house that is
well insulated above grade.

Although saving energy is an important incentive, insulating
basement foundations also creates a more comfortable, livable
space at a relatively low cost. Raising basement temperatures re-
duces condensation, minimizes problems with mold and mildew,
and helps maintain acceptable indoor air quality.

Construction

The three basic types of foundations are basement, crawlspace,
and slab-on-grade. Each uses specific insulation techniques. The
cost of higher insulation levels must be compared with the savings.
The comparison can be made in several ways, but a life-cycle cost
analysis is the best method (Carmody et al. 1991). It takes into
account a number of economic variables, including installation
costs, mortgage rates, HVAC efficiencies, and energy costs.

The preparation of this chapter is assigned to TC 4.4, Building Materials
and Building Envelope Performance.
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Conditioned Basements. A concrete or masonry basement wall
may be insulated by (1) insulating the exterior upper half, (2) insu-
lating the entire exterior wall, or (3) insulating the entire interior wall.

Unconditioned Foundation Spaces. Unconditioned basements
may be insulated in the same way as conditioned basements, or they
may be insulated by placing insulation between or below the floor
joists in the ceiling. The latter approach separates the basement ther-
mally from the above-grade space and results in lower basement
temperatures in winter, usually making it necessary to insulate
exposed ducts and pipes.

Crawlspaces. A crawlspace can be designed as a short basement
(with a floor). Because the floor is above grade, it is less subject to
moisture hazards than a slab floor. However, if moisture problems
occur, they are more likely to be noticed in a basement because it is
more accessible than a crawlspace. Although most codes require
operable louvered vents (670 mm? per square metre) near each cor-
ner of a crawlspace, research has shown that moisture-retardant
ground cover is more effective and, in most locations, eliminates the
need for vents (ASHRAE 1994).

In a vented crawlspace, insulation is placed between the floor
joists. In an unvented crawlspace, either the concrete or masonry
walls or the floor above can be insulated. If the walls are insulated,
air infiltration paths such as the interface between the crawlspace
wall and the bottom plate of the floor above must be sealed. Inter-
sections of two hard surfaces are common air infiltration paths.
Walls may be insulated by insulating (1) the entire exterior wall, (2)
the entire interior wall, or (3) the entire interior wall and the perim-
eter of the crawlspace floor to a depth of 0.6 m. When the floor is
insulated, appropriate ground cover must be installed to control
moisture in the crawlspace and to prevent high moisture levels from
degrading the thermal performance of the insulation. In pressure-
treated wood construction, insulation is placed in the cavities
between the wood studs.

The disadvantages of a vented crawlspace are that (1) pipes and
ducts must be insulated; (2) a larger area must be insulated (the floor
area is greater than the wall area), which may increase the cost; and
(3) in some climates, warm, humid air circulating in the crawlspace
can cause the wood to have an excessive moisture content. However,
vented crawlspaces are often provided with operable vents that can
be closed to reduce winter heat losses (closing them may, however,
increase radon levels). Also, these vents can be closed in summer to
keep out moist exterior air that may have a dew point above the
crawlspace temperature. However, unless steps are taken to control
air infiltration, closing vents does not ensure that the crawlspace
will have no air exchange with the outside; any exchange with out-
side air reduces the effectiveness of wall insulation.

There are several advantages to designing crawlspaces as
unvented, semiconditioned zones. Duct and pipe insulation can be
reduced, and insulating the foundation at the perimeter instead of
the floor above requires less insulation, simplifies installation, and
minimizes condensation. On the other hand, venting can comple-
ment other moisture and radon control measures such as ground
covers and proper drainage. However, although increased airflow
can dilute ground-source moisture and radon, it may not eliminate
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them. Venting crawlspaces may be desirable in areas of high radon
hazard, but it should not be considered a reliable radon mitigation
strategy. Pressurizing the crawlspace is effective at minimizing soil
gas uptake; however, the crawlspace walls and ceiling must be
tightly constructed for this approach to be effective.

Slab-on-Grade. For slab-on-grade foundations with concrete or
masonry walls, insulation is usually placed on the entire exterior
surface of the foundation stem wall, on the interior surface of the
foundation wall, or horizontally under the slab perimeter. When the
insulation is placed on the interior, it is important to place it in
the joint between the slab edge and the foundation wall. The insu-
lation in this joint does not need to have an R-value greater than
0.88 (m2-K)/W. Exterior vertical insulation with an R-value of 0.88
to 1.76 (m?-K)/W is justified in most climatic zones (Labs et al.
1988).

Another method is to place insulation horizontally on the build-
ing exterior extending 0.6 to 1.2 m into the surrounding soil. Shal-
low footings (less than 0.6 m below grade) or slabs with a thickened
edge and no foundation wall are common in some regions. In these
cases, additional insulation may be placed horizontally along the
exterior edge.

Thermal Performance

A key question in foundation design is whether to place insula-
tion inside or outside the basement or crawlspace wall. Placing rigid
insulation on the exterior of a concrete or masonry basement or
crawlspace wall has some advantages: it provides continuity with-
out thermal bridges, keeps the waterproofing and structural wall at
moderate temperatures, minimizes moisture condensation prob-
lems, does not reduce interior basement floor area, and includes the
foundation in the building thermal mass. Exterior insulation at the
rim joist leaves joists and sills open for inspection from the interior
for termites and decay.

However, exterior insulation can provide a path for termites and
can prevent inspection of the wall from the outside. A termite shield
may need to be installed through the insulation where the sill plate
rests on the foundation wall. Vertical, exterior insulation can extend
as deep as the top of the footing and can be supplemented by extend-
ing insulation horizontally from the face of the foundation wall.

Interior insulation is an effective alternative, and it is generally
less expensive if the costs of interior finish materials, including a
flame spread cover, are not included. However, interior wall insula-
tion increases the exposure of the wall to thermal stress and freezing
and may increase the likelihood of condensation on sill plates, band
joists, and joist ends.

Placing insulation in the basement ceiling is an alternative, but it
should be used with caution in colder climates where pipes may
freeze and structural damage may result from lowering the frost
depth in the soil next to the foundation.

In a wood foundation, insulation is placed between studs. Insu-
lation placed around the crawlspace floor perimeter can provide
additional thermal protection; however, it may also create additional
paths for termite entry. A 50 mm air space between the lower end of
the insulation in a crawlspace or wall cavity and the bottom plate of
the foundation wall allows inspection for insect infestation. Batt or
tight-fitting rigid foam board insulation is commonly placed inside
the rim joist.

A common, low-cost approach to insulating crawlspace walls is
to drape batts with a vapor retarder facing the inside of the wall.
(Most building codes require that the vapor retarder be flame resis-
tant.) The batts can be laid loosely on the ground at the perimeter to
reduce heat loss through the footing. However, it is difficult to main-
tain vapor retarder continuity around the joist ends and to seal the
vapor retarders where they join the batts. Good installation is difficult
because of cramped working conditions, and vaporproof installation
prevents easy inspection for termites. In a foundation system of wood
pressure-treated with preservative, insulation is placed in the stud
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cavities as for above-grade insulation in a wood frame wall. Crawl-
space walls may also be insulated by spraying insulating foam.

Insulation may also be incorporated in concrete or masonry
walls. Examples include rigid foam plastic insulation cast within the
concrete wall; polystyrene beads or granular insulation poured into
the cavities of conventional block walls, or foam insulation field-
injected into the cores; concrete blocks with insulating foam inserts;
formed interlocking rigid foam units that serve as a permanent, insu-
lating form for cast-in-place concrete; and masonry blocks made
with polystyrene beads or a low-density aggregate/regular-density
concrete mixture. However, the effectiveness of construction that
insulates only a portion of the wall area should be evaluated closely
because thermal bridges can reduce the insulation’s effectiveness by
as much as 80%.

For slab-on-grade systems, the greatest heat loss is through the
small area of the foundation wall above grade. Heat is also lost
from the slab to the soil. Heat losses to the soil are greatest at the
slab edge and diminish rapidly with depth. Slab heat loss both at the
edge and through the soil must be considered in designing the insu-
lation system.

Insulation can be placed vertically outside the foundation wall or
grade beam. This approach effectively insulates the exposed slab
edge above grade and extends downward to reduce heat flow from
the floor slab to the ground surface outside the building.

Vertical exterior insulation is the only method of reducing heat
loss at the edge of an integral grade beam and slab foundation. A
major advantage is that the interior joint between the slab and foun-
dation wall need not be insulated, thus simplifying construction.
However, there are several drawbacks to this method. The rigid
insulation must be covered above grade with a protective board,
coating, or flashing material; brick facings that contact the covering
can create a thermal short that bypasses both the foundation and
above-grade insulation. A further limitation is that the depth of the
exterior insulation is controlled by the footing depth.

Thermal insulation also can be placed vertically on the interior of
the foundation wall or horizontally under the slab. In both cases,
heat loss is reduced and the difficulty of placing and protecting exte-
rior insulation is avoided. Interior vertical insulation is limited to the
depth of the footing, but underslab insulation is not. Usually, the
outer 0.6 to 1.2 m of the slab perimeter is insulated. The joint
between the slab and the foundation wall must contain insulation
whenever insulation is placed inside the foundation wall or under
the slab. Otherwise, a significant amount of heat transfers through
the thermal bridge at the slab edge. Insulation is generally limited to
a thickness of 25 mm at this point.

Another option for insulating a slab-on-grade foundation is to
place insulation above the floor slab. A wood floor deck can be
placed on sleepers, leaving cavities that can be filled with rigid
board or batt insulation, or directly on rigid insulation above the
slab, which avoids some construction detail problems inherent in
more conventional approaches, but may cause a greater frost
depth near the slab edge.

Moisture Control

High moisture levels in a foundation can rapidly degrade the
thermal performance of most types of foundation insulation. Prop-
erly constructed foundations with good drainage and damp-proof-
ing should keep moisture loads from foundations below 3 L/day;
however, Christian (1994) reported foundations that contribute 19 to
71 L/day. Elevated moisture levels increase the potential for mold
and mildew growth, odors, pathogens, and serious health effects to
occupants. Because the surface temperature is colder during winter
than the crawlspace air temperature, the relative humidity of the
crawlspace air can be much lower than the relative humidity on the
surface. Frequently, methods used to solve the problem in existing
buildings are energy-intensive (e.g., year-round operation of dehu-
midifiers).



Building Envelopes

Basement. Rain is carried away by gutters, downspouts, grading
away from the building, and a cap of low-permeability backfill
material. Subgrade drainage by a drain screen (gravel and footer
drain connected to daylight, sump, or storm sewer) prevents water
from reaching the foundation wall.

Damp-proof or waterproof materials on the exterior of the foun-
dation wall and over the top of the footing control moisture trans-
port. Capillary moisture movement into the slab is controlled by a
100 mm thick granular layer under the slab.

All air leakage openings (e.g., floor slab/wall intersection, rim
joist area) are sealed with durable caulking materials, closed with
gasket systems, taped, or covered with moisture-vapor-permeable
house wrap.

Damp-proofing on the wall and polyethylene under the slab con-
trol vapor diffusion. During heating periods, vapor diffusion from
the basement interior may transport moisture into the rim joist fram-
ing, where it accumulates. Rigid insulation installed on the exterior
of the rim joist limits periods of potential condensation.

Slab-on-Grade. The ground should be graded to direct water
away from the building. A granular layer under the concrete slab
provides a capillary break between the soil and slab. This layer can
also be integrated into a subslab ventilation system to reduce radon
levels. Extending the vapor retarder over the top of the foundation
wall and placing appropriate flashing for any brick facing provide a
capillary break to protect the above-grade wall from ground mois-
ture penetration.

A vapor retarder placed under the slab restricts both radon gas
entry and water vapor diffusion through the slab. If ducts are placed
in the slab, moisture may enter the conditioned space because
groundwater and soil gas will likely seep into the ducts.

Air Movement/Radon Control

Construction techniques to minimize radon infiltration through
the foundation are appropriate where radon is present. General
approaches include sealing joints, cracks, and penetrations in the
slab and walls, and evacuating soil gas under the foundation.

A tight foundation and a discharge system reduce the chimney or
stack effect that draws air from the foundation or basement into the
house. If radon levels are excessive, a passive discharge system can
be connected. If further relief is needed, an inline duct fan can be
installed in the discharge system (Figure 1).

Subslab depressurization effectively reduces radon concentra-
tions to acceptable levels, even in houses with high concentrations
(Dudney et al. 1988). This technique lowers pressure around the
foundation envelope, causing the soil gas to be routed into a collec-
tion system and discharged to the outdoors.

A continuously operating fan should not be relied on as a dis-
charge method. Ideally, a passive depressurization system should be
installed, radon levels tested, and, if necessary, the system activated
by adding a fan. The fan should be located in an accessible section
of the stack so that any gas leaking from the positive-pressure side
of the fan does not enter the living space.

Active subslab depressurization also raises some long-term con-
cerns. Ifradon barrier techniques are not fully used, indoor air could
be drawn into the basement and subsequently discharged, resulting
in a larger-than-expected energy cost. Durability is another concern,
particularly with motor-driven components. Also, the system is sus-
ceptible to owner interference.

RESIDENTIAL WALLS

Low-Density Construction

The most common type of low-density wall construction is the
wood frame wall. Most houses built in the United States have exte-
rior walls framed with wood studs, although steel studs offer several
advantages; for example, they are more dimensionally stable and
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Fig. 1 Soil Gas Collection and Discharge Techniques

are truer than wood studs. Additionally, steel studs can be fabri-
cated from recycled material and are themselves recyclable. How-
ever, these studs can create a significant thermal bridge across the
cavity insulation, reducing its thermal resistance by up to 50%. Dif-
ferent heat transfer between the framing member and cavities may
lead to thermal anomalies with visual consequences (surface discol-
oration from drift accumulation, or ghosting). Insulated sheathing
helps mitigate the effect of these differences.

The interior side of the framing is typically sheathed with gyp-
sum wallboard. In wood construction, to enhance the energy effi-
ciency of the wall, foam insulation sheathing can be applied
between the gypsum board and the framing. An advantage of this
practice is that the low-permeance sheathing can take the place of a
vapor retarder. The disadvantage is that it complicates the applica-
tion of the gypsum board.

The cavities between framing members are filled with thermal
insulation, including batt, loose fill, stabilized loose fill, site-
injected foam, and rigid foam boards. With all products, the level of
performance is related to the quality of the installation. Batts should
be installed to completely fill the cavities along the back corners
and the depth of the cavity. Gaps created by framing members or
voids in an insulation caused by material settling or by improper
installation can significantly reduce thermal performance. Dry
loose fill should be installed at the manufacturer’s recommended
minimum density to avoid settling or the formation of voids. Wet
loose fills should be installed with the proper amount of moisture,
as recommended by the manufacturer. Stabilized loose fill insula-
tions are applied with adhesive and water to prevent settling and
movement within the cavity. As these products dry, some shrinkage
has been observed; this shrinkage can affect the wall’s thermal per-
formance. Before the cavity is sealed, enough time must be allowed
to remove any excess water added by the application process. Site-
injected foams are introduced with a hose and allowed to expand in
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the cavity and interstitial spaces. Rigid foam board, sometimes
used as an insulation material, is cut to size and placed tightly
between studs.

Commonly used exterior sheathing materials include gypsum
sheathing, plywood, oriented strand board (OSB), and foam insulat-
ing sheathing. For low-rise buildings, usually less than three stories,
airflow retarders are installed on the outside of the exterior sheath-
ing and covered with an exterior finish such as vinyl or aluminum
siding, stucco, or brick.

Airflow can be retarded by constructing a continuous, air-imper-
meable plane at the sheathing surface (e.g., tongue-and-groove gyp-
sum board with taped joints). The sheathing/window, sheathing/
roof, and sheathing/floor junctions are also taped.

When an insulating sheathing is used, vertical or horizontal
spacer strips can be installed between the siding and the sheathing to
(1) provide a rain screen, (2) increase thermal resistance by main-
taining an air space between the reflective foil on the sheathing and
the siding, and (3) provide a nail base for the siding.

If the exterior finish is an exterior insulation finishing system
(EIFS), a layer of insulation is attached to the exterior wall, and a
synthetic glass-mesh-reinforced coating is attached to the insula-
tion. An EIFS is usually applied by hand to the wall on site; it also
can be prefabricated as panels in a factory.

Panelized walls are composed of an insulation layer faced on
both sides with a sheathing material. The insulation layer ranges in
thickness from 50 to 300 mm. OSB is the most widely used sheath-
ing material, but gypsum sheathing and plywood are also available.
Because of evolving techniques for energy-efficient splines, panel-
ized walls can have significantly fewer thermal bridges than wood
frame construction.

Interior and exterior finishes for panelized walls are similar to
those used in wood frame construction. Some panelized walls may
already have suitably finished surfaces. Advantages of using panel-
ized walls include (1) higher energy efficiency than typical wood
frame wall systems; (2) little or no thermal bridging in the clear wall
area, (3) tighter-than-average construction because of reduced joint-
ing if large panels are used, and (4) integration of the insulation into
the panel system, making insulation installation unnecessary.
Potential problems with panelized walls are (1) facer delamination
in improperly built assemblies, (2) fire safety concerns with the use
of cellular plastics (an issue in any wall with insulating sheathing),
and (3) insect control (carpenter ants have been reported to nest in
hollows carved in the panels).

Masonry Construction

A common masonry wall is made with concrete masonry units
(CMUs), blocks of concrete cast in various shapes and joined
with mortar to form a wall. The concrete used to fabricate CMUs
is produced with a variety of aggregates and typically varies in
density from 1360 to 2160 kg/m> (Andrews 1989). A CMU wall
provides a finished, durable interior and exterior surface. Holes
can be drilled through the wall for utility penetrations. Many
CMUs are available with patterns cast into the exterior face, thus
providing diverse exterior finishes. Interior or exterior sheathing,
and/or an airflow retarder, can be applied to improve energy effi-
ciency or to obtain a desired finish. However, water can leak
through CMU walls into the building interior. Furthermore,
moisture in the CMU can cause damage through freeze-thaw
action. Exterior treatments can be used to reduce moisture
pickup rates of CMUs.

If an EIFS is attached to the wall exterior, the insulation sepa-
rates the wall from fluctuating outdoor temperatures. This
method of insulation can be used to advantage in energy-efficient
buildings in which the thermal energy stored in the wall mass is
used to moderate indoor temperature swings. External placement
also allows the wall cavity to be used for utilities that might be
susceptible to freezing or heat loss. It is important that the edges
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of an EIFS be tightly abutted so that thermal bridges are mini-
mized.

Steady-State Thermal Performance

James and Goss (1993) summarize heat transmission coeffi-
cient measurements and calculations for various wall, roof, ceil-
ing, and floor systems. These data are only for clear wall areas that
do not include subsystems or the effects of joints created at inter-
sections with another portion of the building envelope.

To test the validity of applying clear-wall data to the wall system,
a series of three-dimensional heat conduction simulations was per-
formed on a single-family, detached one-story house (Kosny and
Desjarlais 1994). These simulations showed that, for a conventional
wood-frame stud wall system with studs installed on 400 mm cen-
ters, the average area-weighted whole-wall R-value was 91% of the
clear-wall R-value. For a similar wall using 90 mm steel studs, the
whole-wall R-value was 83% of the clear-wall R-value. A similar
two-dimensional analysis of an attached two-story steel stud house
by Tuluca et al. (1997) showed the R-value for the wall system to be
40 to 50% of the clear-wall R-value. Thermal bridging can occur
through framing, metal ties through exterior sheathing, and exposed
slab edges.

The thermal bridges created by webs of concrete masonry units
dictate the maximum thermal efficiency that a CMU can attain. To
reduce thermal bridging, blocks containing only two webs instead
of the usual three have been used, and web cross section has been
reduced by up to 40%. However, even such changes in block
design have not significantly improved wall R-value. Applying
low-density concretes with significantly lower thermal conductiv-
ity effectively improves thermal performance of these masonry
units (Kosny and Christian 1995a). The same strategy can be used
for CMUs containing core-insulating inserts or insulation fill;
insulating inserts in high-density concrete blocks are ineffective.

Dynamic Thermal Performance

The steady-state R-value traditionally used to measure energy
performance of a building envelope does not accurately reflect the
dynamic thermal behavior of all complex building envelope sys-
tems. Further information can be obtained in Chapters 24 and 31 of
the 2001 ASHRAE Handbook—Fundamentals.

Moisture

Historically, the primary moisture control strategy for walls is to
restrict moisture entry. Another approach to envelope design is to
provide walls that balance entry with removal and that control accu-
mulation and pressure differential.

Recognizing that low-density wall systems can get wet or occa-
sionally start out wet, the designer can promote weather protection
and drying. A rain screen (Figure 2) can be placed immediately
behind the exterior cladding to control rain penetration by providing
a pressure-equalized air space, or a house wrap, which is vapor-
permeable and water-impermeable, can be installed over the exte-
rior sheathing to protect the wall from the weather yet allow it to dry
if necessary.

For heating-dominated climates and for mixed climates with
both significant heating and significant cooling seasons, a vapor
retarder at the interior surface is advisable. Moisture originates from
the interior of the building and migrates into the wall until it reaches
the interior vapor retarder, which is kept warm because it is inside
the thermal envelope. In cooling-dominated climates, exterior
sheathing of impermeable rigid insulation can act as a vapor diffu-
sion retarder. Moisture outside the building moves into the wall until
it reaches the exterior vapor retarder, which is kept warm because it
is outside of the thermal envelope. As a general rule, to keep mois-
ture condensation accumulation to a minimum, this first condensing
surface must be kept above the dew point.
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Fig. 2 Example of Rain Screen

Air Movement

Uncontrolled air movement across walls increases space condi-
tioning costs and may cause moisture to condense. Air infiltration
is air movement from outside into the conditioned space. Air exfil-
tration is air movement from the conditioned space to the outside.
Air intrusion is penetration of air into the building envelope with-
out entirely crossing it. For example, outside air can penetrate a wall
at sheathing joints, move around or through the insulation, and
return to the outside. Similarly, inside air can penetrate a wall at
electric outlets, move around or through the insulation, and return to
the conditioned space. Air leakage designates any type or combi-
nation of air movement in and across the envelope (see Chapter 26
of the 2001 ASHRAE Handbook—Fundamentals).

In general, an airflow retarder should be installed in walls. The
airflow retarder reduces both infiltration and exfiltration. It also pre-
vents intrusion by exterior or interior air, depending on the location
of the air seal plane. Refer to Chapters 24 and 25 of the 2001
ASHRAE Handbook—Fundamentals.

In heating-dominated climates, the airflow retarder can be posi-
tioned on either the exterior or interior of the wall (e.g., framing). If
placed to the exterior of stud construction that does not have insu-
lating sheathing, the airflow retarder protects the insulation located
between framing members from cold air intrusion.

The airflow retarder can also be placed to the exterior of stud con-
struction that has insulating sheathing, such as steel stud walls with
fibrous insulation whose R-value = 1.9 (m?-K)/W, gypsum board
sheathing, rigid insulation sheathing, and brick finish. If the airflow
retarder is on the winter-cold surface of the gypsum board sheathing,
it can be moisture-impermeable if the R-value of the rigid insulation
is sufficient to maintain the airflow retarder above dew point during
winter conditions. Impermeable airflow retarders are usually bitumi-
nous, rubber-based, or plastic membranes. However, the airflow
retarder can also be composed of a gypsum board layer with the junc-
tions taped and sealed. Masonry construction usually includes air-
impermeable airflow retarders.

43.5

If the airflow retarder is placed to the interior of a wall in a heat-
ing-dominated climate, it protects the wall from intrusion by moist
interior air. In theory, this type of retarder is more advantageous than
an exterior retarder for structures where moisture condensation is
likely, such as steel studs without insulating sheathing that surround
a space with high humidity in winter. In practice, it is difficult to
achieve a continuous air seal at the interior surface of a wall, espe-
cially in multistory buildings, because of the wall/floor and wall/
ceiling junctions. A continuous air seal plane could be achieved by
gypsum board with or without a polyethylene vapor retarder if par-
ticular attention is paid to details and with special construction
supervision.

In hot, humid climates, the airflow retarder for air-conditioned
buildings should be vapor-permeable if it is placed nearest the interior
of the wall because the outside moist air can condense on cold interior
surfaces. The exterior airflow retarder can be either moisture-perme-
able or moisture-impermeable. If the retarder is moisture-imperme-
able, the insulated layer near the conditioned space must have a
sufficient R-value to keep the membrane above the dew point. This
caveat applies to each component of the insulated layer separately.

In climates requiring significant heating and cooling, heating-
dominated construction is usually indicated, but dew-point calcula-
tions need to be performed if layers with low vapor permeance are
used. In climates with some heating, significant cooling, and high
humidity, it is usually prudent to avoid vapor-impermeable airflow
retarders and layers with low vapor permeance.

In general, with the exception of prefabricated wall panels, two lay-
ers with low vapor permeance (e.g., an exterior vapor-impermeable
airflow retarder and an interior vapor retarder) should be avoided
because moisture can be trapped in the wall during construction or
operation.

RESIDENTIAL ROOF AND CEILING ASSEMBLIES

Thermal Performance

In pitched roof assemblies, attic space is typically insulated with
mineral fiber batts or blankets and/or mineral fiber or cellulose loose
fill insulation. The total thermal resistance of the ceiling plus insu-
lation, attic space, and roof is the sum of the conduction resistance
of the ceiling plus insulation and the effective attic resistance. The
roof resistance is generally negligible.

Thermal performance of the insulation varies with mean temper-
ature. In winter conditions, thermal resistance of the insulation
increases; in summer conditions, it decreases. In installing loose fill
insulation, care must be taken to avoid overblowing the material to
densities below the intended design density for a given R-value. At
densities below design, the material may not deliver the desired
R-value. To prevent overblowing, the correct amount of material for
a given coverage area and R-value should always be installed. Man-
ufacturers of loose fill insulation are required to provide maximum
net coverage information on all product packaging. Some high-
density loose fill products may gradually settle to a lower thickness
after being installed. The reduced thickness decreases the thermal
resistance despite the increased density. For materials subject to set-
tling, initial installed and settled thickness information should be
available on package labels or from manufacturers so that the
desired settled R-values can be achieved.

Some low-density loose fill materials are porous enough that
very low temperatures at the top of the insulation may lead to free
convection in the insulation. For example, Wilkes et al. (1991)
observed that effective thermal resistance decreased by nearly 50%
from nominal values when temperature differences greater than
40 K were imposed. Free convection can be suppressed by placing
a layer of batt insulation over the low-density loose fill insulation.
Alternatively, batts or blankets can be installed first and the low-
density loose fill blown in on top of the batts or blankets. Mineral
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fiber batts or blankets should be installed at the proper width so that
there are no air gaps between the batts.

In a roof assembly over a ventilated attic space in a cooling-
dominated climate, insulation may be supplemented by a radiant
barrier of high-reflectance material to reduce radiant heat transfer
between the hot roof and the relatively cool ceiling. The radiant
barrier can be attached to roof rafters or fastened directly to the
underside of the roof sheathing with the reflective surface facing
down. Care should be taken to not disturb and damage existing
insulation when retrofitting an attic with a radiant barrier. Also,
dust decreases the effective reflectance of the radiant barrier over
time; however, if the operative surface faces down, the reduction in
thermal performance should be minimal.

During the cooling season, a radiant barrier reduces temperatures
affecting the air, insulated surfaces, and HVAC ducts and equipment
located in the attic space. A ventilated radiant barrier combined with
an equally divided, continuous soffit and ridge vents provides opti-
mal performance. The most cost-effective use of radiant barriers is
in cooling-dominated climates. Use of radiant barriers in other cli-
mates may result in a net annual increase in energy use because the
beneficial attic heat gain in the noncooling seasons is lost. DOE
(1991) compares the present value savings of radiant barriers with
those of conventional fibrous insulation for several climates and cir-
cumstances.

During the cooling season, a radiant barrier under the roof sheath-
ing increases the efficiency of a duct system located in an attic (Hage-
man and Modera 1996). DOE (1991) does not consider this case.

With or without a radiant barrier, powered ventilation increases
the effective attic resistance by reducing the temperature difference
between the inside conditioned space and the attic space (see Table
5 in Chapter 25 of the 2001 ASHRAE Handbook—Fundamentals).
However, this method is rarely cost-effective because of the energy
cost of the fan. Additionally, powered ventilation can draw air from
the conditioned space into the attic.

In low- or no-slope roofs, the insulation is a layered assembly
comprising the deck, insulation, and membrane. Although there
are relatively small gaps between the components, the high ther-
mal resistance of the insulation keeps the total heat flux low.
However, heat flow through metal penetrations can be more than
1000 times greater than that through adjacent insulation. There-
fore, the area of these thermal bridges should be kept small in pro-
portion to the roof area. Minimizing this area may require
interrupting potential bridges; for example, staggering fasteners
that secure the insulation to the deck and those that attach the
membrane to the insulation.

Moisture

In addition to moisture normally present in construction materi-
als, moisture can be trapped in the roof and ceiling assembly from
rain during construction, leaks that were not fixed before water
entered the assembly, or reroofing over partially torn-off roofs.
Additional moisture can enter a structure having no insulation vapor
retarder. If porous insulation is used, water vapor can diffuse
throughout the assembly. The amount of vapor may be insufficient
to significantly affect the thermal conductivity of the insulation, but
it may add a significant latent heat load. Diurnal temperature varia-
tions in the roof can cause water to evaporate, move as vapor
through a porous system, and condense (Hedlin 1988). When con-
ditions are right for this effect, heat flow from this factor alone can
casily exceed normal conduction flows.

Air Movement

Whether the roof is pitched, low-slope, or no-slope, a typical
roof and ceiling assembly is impervious to significant air move-
ment through the ceiling itself. With pitched roofs, the attic nor-
mally is ventilated by airflow from the edges of the assembly, over
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the insulation, and out through continuous ridge vents or occa-
sional vents in the roof or gable ends of the attic. Ventilation may
be by natural or forced convection, but natural convection by a
combination of continuous ridge vents and continuous soffit vents
seems most effective. A type of low- or no-slope roof called a ven-
tilated cold deck system has vents at the eaves and at intervals
over the roof to allow circulation of dry outside air over the insula-
tion. The effectiveness of such vents is uncertain in regions with a
cold or a temperate but humid climate (IEA 1994). An alternative
is a nonventilated cold deck system with a vapor retarder on the
ceiling consisting of staggered strips of polyethylene on the bottom
and top and exposed fabric between them. Vapor inside the build-
ing effectively “sees” a continuous layer of polyethylene because
of the staggering. Condensed water wicks through the exposed fab-
ric on the top to the exposed fabric on the bottom and evaporates to
the inside (Pedersen et al. 1992).

FENESTRATION

Conduction/Convection and Radiation Effects

Heat transfer through a window resulting from a temperature dif-
ferential between the inside and outside (i.e., conduction, convec-
tion, and radiation) is a complex and interactive phenomenon.
Although the glass itself is a poor insulator, it is used effectively in
a window to create thin insulating air films on either side of single
glazing or dead air/gas spaces between glazing layers. Glass can
also decrease direct transmission of radiant energy from the room or
ambient sources. Chapter 30 of the 2001 ASHRAE Handbook—
Fundamentals discusses fenestration in much greater detail.

Examination of the modes of heat transfer in a double-glazed
window indicates that approximately 70% of the heat flow is
through radiation from one glazing layer to another (Arasteh et al.
1985; Selkowitz 1979). Although the glass blocks direct transmis-
sion of radiant energy, energy is still absorbed and reemitted.
Low-emittance coatings that are transparent to the eye significantly
reduce the amount of heat transfer through a glazing cavity.

With the radiation mode of heat transfer minimized, conductive
and convective modes dominate. To reduce these modes, gases
with low conductivity (e.g., argon or krypton) are used in low-
emittance-coated, multiple-glazed windows. Triple or quadruple
glazing layers can additionally reduce heat transfer possible. See
Chapter 30 of the 2001 ASHRAE Handbook—Fundamentals for
design information.

Air Infiltration Effects

Air infiltration is uncontrolled movement of air from the outside
to the inside of a building. It is a function of the pressure differential
between the inside and outside environments (which is a function of
wind speed and temperature differentials) as well as window sealing
characteristics (Klems 1983; Weidt and Weidt 1980). The infiltra-
tion rate of a fenestration product is a function of its method of oper-
ating (if any), weatherstripping material used, and construction
quality. See Chapter 26 of the 2001 ASHRAE Handbook—Funda-
mentals for design information.

Solar Gain

Solar gain through windows can play a significant role in the
energy balance of a building. Glazings transmit, reflect, or absorb a
given wavelength of solar radiation, depending on the glazing char-
acteristics. Transmitted solar radiation contributes heat to a space.
Absorbed solar radiation is reemitted and/or conducted either to the
inside or to the outside (depending on the window’s glazing system
configuration). Reflected solar radiation does not contribute heat to
a space (Arasteh et al. 1989). Clear glass, the most common glazing
material, transmits fairly evenly across the solar spectrum. Tinted or
heat-absorbing glass absorbs solar radiation and gives the glass a
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specific color. Some tints exhibit a significant degree of spectral
sensitivity (i.e., they do not transmit, absorb, and reflect evenly
across the solar spectrum). These types of glazings offer great flex-
ibility and can be tailor-made for specific climates or uses (e.g., pro-
vide ample daylighting without overheating an interior space).

Interactions Between Thermal Loss and Solar Gain

In heating-dominated applications, solar gain can provide a sig-
nificant amount of heat. In many cases, heat supplied by the win-
dow can offset that lost through the window. The amount depends
on the site characteristics (e.g., how much solar gain is available,
how cold the climate is) and window characteristics (e.g., its U-
factor and how much incident solar radiation is transmitted).

Typical passive solar applications try to maximize the amount of
solar heat gain by installing significant amounts of south-facing
glass, which receives the most solar radiation during the winter (in
the northern hemisphere). However, high-performance windows
facing north in a heating-dominated climate can provide more solar
gain to a space than heat loss (Arasteh et al. 1989; Dubrois and Wil-
son 1992; Sullivan et al. 1992).

WALL/WINDOW INTERFACE

Air infiltration at the wall/window interface can cause serious
damage to surrounding building materials and even to remote mate-
rials, depending on the leakage path. In cold climates, warm, humid
inside air can condense in the wall cavity. The condensate can dam-
age the interior finish, seals of glazing units, insulation, exterior
cladding, and possibly structural elements. Cold air infiltration can
affect the health and comfort of occupants by creating a dry indoor
environment, cold drafts, and condensation and mildew on inside
window surfaces. Air infiltration can also allow rain to enter the
wall. Many materials are installed by many trades at the wall/win-
dow interface, making it difficult to inspect and prone to leak.

Control of Air Leakage

The airflow retarder must be continuous across the entire build-
ing envelope to provide effective control. To ensure continuity at the
window, the components that retard airflow must be unified. Exam-
ples include the following:

In a metal and glass curtain wall, the glazing and sheet metal are
the elements that retard airflow in the window and the wall,
respectively. Gaskets and caulking make the airtightness plane
continuous from the glazing to the metal mullion.

In a masonry wall, a self-adhesive asphalt membrane mechani-
cally fastened to the masonry makes the wall airtight. A bead of
sealant preserves airtightness between the glazing unit and the
inner part of the metal window frame. Thus, the asphalt mem-
brane and the inner part of the metal frame are the two materials
joined to withstand large air pressure loads. The membrane is
extended and mechanically clamped to the inner part of the
frame.

Control of Moisture Diffusion

Vapor diffusion across a small gap at the window/wall junction
causes little building damage under average environmental condi-
tions. Moreover, typical interior finishes covering the joint, made of
metal or plastic or painted drywall, offer some resistance to mois-
ture diffusion.

Control of Heat Flow

Continuity of the plane of thermal insulation is important prima-
rily to reduce the potential for condensation on interior surfaces of
the window and the surrounding interior finish. Insulation can be
inserted in the joint between the wall and the window frame to
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compensate for the expected differential movement between the
frame and the wall rough opening.

Control of Surface Condensation

To reduce the potential for condensation on the glazing and the
frame of windows, as well as on the surrounding interior finish of
the wall, the inside surface temperature can be controlled in the fol-
lowing ways:

* Seal the wall/window interface and between the sash and frame of
operable windows to keep air leakage to a minimum.

* Make the area of window frame exposed to the interior larger than
the area exposed to the outside. Metal frame extensions on the
inside have a higher resistance to condensation but contribute to
heat loss.

Control of Rain Entry

Applying the rain screen principle at the wall/window interface
requires the same features as applying it to the wall: (1) an airflow
retarder, (2) a rain deflector on the outside of the interface, (3) much
more venting on the outside face of the interface than on the inside,
and (4) a drainage path toward the outside.

The line of airtightness is on the inside of the assembly, so the
assembly is protected from water, ultraviolet rays, and extremes of
temperature. The rain deflector on the outside acts as a rain deter-
rent only, not as a watertight/airtight seal. A nonairtight rain
deflector does not threaten the weathertightness of the system
because the pressure differences across the rain deflector are small.
The key is to maintain airtightness on the inside of the joint. With
little pressure difference across the rain deflector and with good
detailing for outward drainage of the cavity, rain entry in the wall
should be minimal.

Face Seal Approach

The face seal approach calls for perfect sealing of the outer face
of the wall/window junction. This sealed surface protects against
rain and air infiltration. Such a seal must remain perfect over time;
its maintenance schedule is quite demanding. It is also complicated
because water leaks can follow indirect paths for entry indoors, and
in a large building, it may be difficult to trace these paths back to the
entry points.

WALL/ROOF INTERFACE

Control of Air Leakage

The roofing membrane forms a plane of continuous airtightness
and therefore can and should be connected to the wall airflow
retarder. However, the wall airflow retarder could also be connected
to other airtight roof components, such as the roof deck or the roof
vapor retarder.

Many building systems provide for differential movement
between the wall and roof assemblies; in those systems, a flexible
airflow retarder connection is required at the location of the move-
ment control joint. In all systems, the airflow retarder must withstand
wind-induced pressures and fully adhere to a rigid, structurally ade-
quate substrate.

Figure 3 shows an assembly that uses the concrete roof deck to
achieve a continuous wall/roof airflow retarder. The retarder of the
wall assembly is connected to the concrete slab using a sheet airflow
retarder material. The connection between the wall and slab edge
retarder sheets is designed to accommodate differential movement
of the wall and roof.

Figure 4 shows a protected membrane roof assembly in which
the roof membrane is an airflow retarder that extends over the edge
of the roof perimeter to connect to the wall airflow retarder. A sheet
metal backing is used around the roof deck perimeter for attachment
and to provide for differential movement at the interface.
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In some types of curtain walls, such as the wall in Figure 5, the
air seal must be made continuous over the parapet wall. This
allows connection of the wall air seal (the metal back pan of the
spandrel panel) to the membrane flashing of the roof assembly or
to the air/vapor retarder on the parapet, as in asphalt and roofing
felt systems.

Control of Moisture Diffusion

The vapor retarder can also act as an airflow retarder, as shown in
Figure 5, in which the metal back pan of the wall spandrel connects
to the air/vapor retarder membrane on the parapet upstand wall.
Because the parapet is encased in vapor retarder sheets, it must be
kept dry before it is enclosed because any moisture left in the para-
pet cannot disperse. A vapor retarder with wicking properties could
provide a better solution.

Control of Condensation

Condensation at the connection between the roof and wall can
occur in interstitial spaces because of a lack of continuity in either
system. Condensation also occurs if the vapor retarder temperature
falls below the dew point of the air on the high-vapor-pressure side.
Thus, thermal insulation applied to the exterior (winter-cold sur-
face) of the vapor retarder must be sufficient to ensure that the tem-
perature at the retarder plane remains higher than the dew point of
the air. The temperature of the interior space between the exterior
wall system and the parapet upstand wall often falls below the tem-
perature of the interior inhabited space because of poor air circula-
tion above the ceiling. Therefore, insulation applied over the parapet
cap and upstand wall may need to have greater thermal resistance
than insulation for the wall or roof.

In exterior insulated wall systems, such as curtain walls and
EIFSs, thermal bridging must be minimized to control condensation
between the parapet cap and the parapet upstand wall.

THERMAL BRIDGES IN BUILDINGS

A thermal bridge is an envelope area with a significantly higher
rate of heat transfer than the contiguous enclosure. An example of
thermal bridging is a steel truss in an attic with glass fiber insulation
placed between trusses. The thermal conductivity of steel is about
1000 times greater than that of glass fiber insulation, so strong ther-
mal bridging results along the trusses. In most construction details,
the ratio between the high- and low-conductivity areas is smaller. An
uninsulated CMU wall with brick facing could have a U-factor of
1.86 W/(m?-K) if the CMU is made with sand and gravel aggregate.
A concrete column located within that wall has a U-factor about 50%
higher. This 50% higher conductivity may justify classifying the col-
umn as a thermal bridge, but in typical construction this classification
is relevant only if the concrete column proves to be detrimental for
reasons other than energy use (e.g., moisture condensation).

Thermal bridges can be created by conduction, as in the previous
examples, by radiation, by convection, or by a combination of those
three modes of heat transfer (Silvers et al. 1985). Strong radiation
effects occur, for instance, in an uninsulated brick wall that is retro-
fitted with metal cladding. The cladding is placed at some distance
from the exterior of the brick wythe. The warmer brick wall radiates
to the cold metal sheet. The different temperatures of the two sur-
faces also engender air convection.

Detrimental Effects of Thermal Bridges

Thermal bridges increase energy use, promote moisture conden-
sation in and on the envelope, and create nonuniform temperatures
in conditioned spaces. A comparison between the uninsulated slab
edge detail of Figure 6A and the version with slab edge insulation
with an R-value of 1.76 (m?-K)/W in Figure 6B illustrates the
importance of designing to reduce thermal bridging. [Refer to
Steven Winter Associates (1988) for numerical examples summa-
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rized in this section.] This example, and the others in this section,
use the term total R-value, where R, = 1/U; R, includes the effect of
exterior and interior air films.

Increased energy use. The portion of the wall that extends from
the top of the slab edge to the shelf angle (Figure 6A) has R, =
0.4 (m?-K)/W when the wall insulation is furred in. Moving the
insulation into the wall cavity (Figure 6B) increases R, by about
2.2 times, to 0.93 (m?-K)/W.

Damage to structural components. On cold days, the uninsu-
lated wall area collects moisture on the interior surface of the steel
beam and on the slab underside. At —7°C outside air temperature,
21°C indoor air temperature, and 50% indoor relative humidity,
moisture condenses on about 0.2 m? of beam and slab for every
linear metre of wall. This condensation can rust the metal beam
and, if it penetrates the concrete block, can rust the brick ties. The
insulated detail (Figure 6B) generates moisture condensation
only on the bottom flange of the beam.

Damage to interior finishes. Moisture can drip from the slab
underside and from the steel beam, staining the ceiling tiles and
resulting in higher maintenance costs and loss of rental value.
These effects are specific to the heating season and are magnified
when thermal bridging is accompanied by air leakage, because air
transports and deposits moisture on thermal bridges.

In cold and temperate climates, thermal bridges may slightly
decrease peak cooling load and cooling energy use. In hot climates,
this effect could be reversed. When the climate is hot and humid,
moisture condensation can create problems if the building is air con-
ditioned or refrigerated.

Thermal Bridge Mitigation

Primary causes for conduction thermal bridging are (1) high ther-
mal conductivity and (2) geometries that create zones where large
exterior surfaces connect to much smaller interior surfaces. Thermal
bridges can sometimes be eliminated, but usually they can be miti-
gated to create systems with significantly lower U-factors. Examples
of conduction thermal bridges and mitigating details follow:

* Factory-produced components with high conductivity
Sandwich panel with insulation fully encased in concrete (Fig-
ure 7A). One possible solution is to connect the exterior and interior
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Fig. 7 Sandwich Panel with Insulation
Encased in Concrete

wythes of the panel with metal or plastic tie rods (as shown in Figure
1B).

This 1.8 m high sandwich panel has a 75 mm extruded polysty-
rene core completely encased in concrete. The concrete has a
conductivity over 50 times higher than that of polystyrene, result-
ing in R, = 0.95 (m?-K)/W. Moisture can collect on the top and bot-
tom concrete edges of the panel. For 7,y = -7°C, T}, = 21°C, and
50% rh, about 20% of the panel area can be covered with moisture.

When the interior and exterior concrete wythes are attached with
metal or plastic tie rods, R, of the panel increases by a factor of
almost 3 to 2.66 (m2-K)/W or 2.82 (m2-K)/W, respectively. No
moisture condensation on interior surfaces is likely.
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* Assemblies that contain high-conductance components

Steel studs in insulated wall with ceramic finish. One possible
solution: Provide insulating sheathing (Figure 8).

This steel stud wall is used in low-cost multifamily, commercial,
and industrial construction. The exterior gypsum board is provided
for fire protection. If the wall has R = 1.94 (m?-K)/W insulation, the
studs reduce the wall R, to 1.36 (m?-K)/W. For T,, = -7°C,
T74 =21°C, and 50% rh, every linear metre of steel stud can generate
0.046 m? of moisture condensation on the interior surface of the
gypsum wallboard.

Extruded polystyrene sheathing 25 mm thick placed on the win-
ter-cold surface of the gypsum board sheathing reduces thermal
bridging, resulting in R, = 2.55 (m?-K)/W. For T,,=-7°C,
T74 =21°C, and 50% rh, moisture is less likely to condense on inte-
rior surfaces. If polystyrene is placed on the steel studs directly, the
increase in R-value is even higher because the lateral heat flow is
reduced.

Ifall insulation is placed on the exterior surface of the steel studs,
the studs are kept at a temperature close to that of the conditioned
space. Moisture condensation is practically eliminated. This solu-
tion merits special consideration in spaces with high relative humid-
ity, such as kitchens and pool buildings.

* Junction between envelope systems achieved with high-
conductance components

Uninsulated slab edge and metal shelf angle, at junction
between CMU wall and concrete floor (see Figure 6A). One possi-
ble solution: Place insulation in the wall cavity (Figure 6B).

This detail shows an uninsulated slab edge and perimeter metal
beam in a CMU/brick wall. For the wall segment that extends from
the top of the slab edge to the shelf angle, R, = 0.4 (m?-K)/W. For
Ty = —7°C, Tj; = 21°C, and 50% rh, about 0.2 m? of slab under-
side and steel beam could collect moisture along every linear metre
of slab edge.

The improved detail of Figure 7B uses R = 1.76 (m?-K)/W rigid
insulation in the wall cavity. The perimeter metal beam would be
insulated, and the shelf angle remains as the only significant thermal
bridge. The new total R-value of the wall segment is about 2.2 times
higher [i.e., R,= 0.93 (m?-K)/W]. Less moisture would be expected
to condense along the slab edge.

Insulation is sometimes specified on the interior surface of the
perimeter beam in an effort to increase the thermal resistance of this
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wall segment. Site conditions rarely allow the installation to be thor-
ough, so the top and bottom flanges remain exposed, creating a
strong thermal bypass and marginalizing the effectiveness of the
insulation. Moreover, the insulation makes vapor condensation
more likely because it decreases the temperature of the beam chord
but does not stop water vapor migration.

* Combinations of geometry with high conductivity

Column in masonry wall with insulation located in steel stud
Sfurring (Figure 9A). One possible solution: Move the insulation in
the wall cavity (Figure 9B).

Concrete columns within masonry walls are often left uninsu-
lated. In this example, a 300 by 300 mm column is located at the
junction of two exterior walls composed of 150 mm CMU and
100 mm brick. The walls are insulated with R = 1.76 (m?-K)/W
polystyrene on metal furring. The corner, which includes the column
and two CMU blocks on each side, has R, = 1.06 (m?-K)/W. This is
38% lower than the total R-value of the wall without the column
[R,= 1.71 (m?-K)/W]. For T, = -7°C, T;, = 21°C, and 50% th,
every linear metre of column could collect moisture on about
0.24 m? of interior surfaces.

If the insulation is placed in the wall cavity, the total R-value of
the corner more than doubles, to R, = 2.17 (m?-K)/W. No moisture
condensation would be expected on interior surfaces of the column
for the given temperature and relative humidity conditions.

Design Recommendations
These basic design principles apply to any thermal bridge:

Consider the combined effects of thermal bridging, air leak-
age, moisture condensation, and water intrusion. 1f one of these
mechanisms of heat and mass transfer is involved, another one is
commonly combined with it in a destructive synergy. In devising
a solution for thermal bridging, ensure that moisture condensation
is not increased. In climates with significant heating, this is of spe-
cial concern for insulation placed on the interior (winter-warm)
surface of materials with low vapor permeance, such as CMU or
steel beam. In hot, humid climates, the concern relates to insula-
tion placed on the summer-hot surface of materials with low vapor
permeance.

In addition, because many thermal bridges are discontinuities in
the envelope system, the chance that air will enter the envelope
along these paths should be assessed. To cause damage, air does not
need to infiltrate into a space from outdoors or to exfiltrate from a
space to the outside; it is sufficient that air intrude in the envelope.
For example, outside air can enter a stud wall cavity, short-circuiting
the insulation and intensifying the thermal bridging effect, after
which it exits again to the outside. In another example, indoor air
can seep from the conditioned space into a furred-in CMU wall,
behind the insulation and vapor retarder, increasing the chance for
moisture condensation on the CMU surface. Of all forms of air
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intrusion, exfiltration of moist air along thermal bridge surfaces can
be the most damaging. Note that the entry and exit points of air in
the envelope can be distant.

It is particularly important to reduce thermal bridging, air intru-
sion, and moisture condensation if the following conditions are true:

* The building or spaces in it have uses that are likely to generate a
relatively high amount of moisture during winter; examples are
residences, hospitals, nursing homes, restaurants, kitchens, nata-
toriums, and bathrooms.

The building is located in an area that experiences cold winters or
sustained periods of cold during moderate winters. Climates with
humid winters with subfreezing periods can also create problems.

The building is located in a warm but not dry or arid climate
and has uses that require low temperatures (e.g., refrigeration),
or it is located in a hot, humid area and has uses that require air
conditioning.

Consider the potential for thermal bridging and air intrusion
during schematic design when decisions about the envelope sys-
tem are made. Some systems are inherently more difficult to insu-
late and airproof, and changes during design development may
create budget problems.

Use reasonably accurate methods to determine the effect of
thermal bridging. Accurate formulas are available for most steel
stud configurations (Kosny and Christian 1995b), but they are not
sufficiently accurate for many other construction types. Two- and
three-dimensional models are available and provide better results.

In mitigating a thermal bridge, several techniques can be used,
often in combination. Such techniques include
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Change the thermal bridge material to one with lower conductiv-
ity. Plastic ties nearly eliminate thermal bridging in concrete
sandwich panels.
Decouple the thermal bridging elements from the rest of the con-
struction. If the steel stud furring is detached from the CMU wall,
the pathway between two materials with high conductivity is bro-
ken. The best method to achieve the decoupling is to insert a thin,
low-conductivity material, such as foam tape, at each stud. If an
air space is created between the insulated steel stud layer and the
CMU wythe, air convection can short-circuit the insulation.
» Change the geometry that creates thermal bridging. Figure 10
shows a mullion with a deep exterior projection. This projection
acts like a fin during winter, enhancing the heat loss. One method
of reducing the thermal bridging effect is to reduce the exterior
projection (Figure 10, dashed line). If this is not acceptable for
aesthetic reasons, implement a better thermal break system.
Insulate the thermal bridge. For example, use insulating sheathing
for steel stud walls.
* Change the insulation system. For example, a furred-in masonry
wall with all insulation located in the furring could be changed to
a masonry wall with rigid insulation on the exterior (winter-cold)
surface of the CMU.
* Change the construction system. In a natatorium, for instance,
structural silicone glazing without an exterior projection (Fig-
ure 11) might avoid moisture condensation on mullions.

THERMAL MASS

Thermal mass describes the ability of a material layer to store
heat and the ability of an opaque envelope component to dampen
and delay transfer of heat and temperatures. That damping, if com-
bined with moderate glazing, effective solar shading, a correct ven-
tilation strategy, and inside partitioning with high thermal storage,
helps moderate indoor temperature fluctuation under outdoor tem-
perature swings (Brandemuehl et al. 1990). Increased thermal mass
may also positively affect energy efficiency (Kosny et al. 1998;
Newell and Snyder 1990; Wilcox et al. 1985). Finally, increased
thermal mass may help shift demand for heating and cooling to off-
peak periods.

The ability to store heat in a layer primarily depends on the heat
absorption coefficient of the material:

b = Jpck O

where £ is thermal conductivity, p is density, and c is specific heat
capacity. See Table 1 and Chapter 25 of the 2001 ASHRAE Hand-
book—Fundamentals for values of these properties. The amount of
heat stored in a layer is governed by the heat capacity, the product
of the layer’s mass and its specific heat capacity:

Qstored = (pd)c (2)

where d is the layer thickness.

Damping and time delay are defined by the way an opaque enve-
lope component is composed. Best results are achieved when the
thermal insulation faces the outside and the layers with largest heat
capacity face the inside, as confirmed by an in-depth study of six

Table 1 Typical Densities, Thermal Diffusivities, and
Specific Heats of Common Building Materials

Density, Thermal Specific Heat,
Description kg/m? Diffusivity, mm?/s kJ/(kg-K)
Concrete 640 to 2240 2.1t0 7.7 0.92
Steel 7744 1.0 0.50
Wood 352to 768 0.14t0 0.17 1.67
Insulation 9.6to 32 5.6t00.7 0.84to 1.59
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wall configurations by Kosny et al. (1998). The damping capability
of such a wall also increases with thermal resistance (Van Geem
1986).

Hourly-based computer simulations using transient energy
simulation tools may produce a fair understanding of the complex
interactions that exist between the (1) surface, type, and orientation
of the glazing; (2) effectiveness of the solar shading used; (3) ven-
tilation strategy adopted; (4) heat storage capacity of the internal
partitions; (5) damping effect of all opaque envelope components;
and (6) HVAC set point and control policies implemented with sta-
ble inside temperature and energy consumed for heating and cool-
ing. However, a harmonic analysis at room level, using the transient
harmonic wall properties defined in Chapter 23, helps in under-
standing part of these interactions.
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