
28  •  I IBEC Interface	 November 2022

Air Infiltration and Its 
Consequences for Building 
Enclosures in Hot/Humid 

Climate Zones
By David Finley and Manfred Kehrer

This paper was originally presented at the 2022 IIBEC International Convention and Trade Show.

To maximize the efficacy and
performance of building
enclosure walls, the four major 
building enclosure control
layers (liquid water, air, water
vapor, and thermal) should be 

designed and installed with continuity. The posi-
tion of these control layers within a wall assem-
bly can also significantly affect the hygrothermal 
performance (movement of heat and moisture) 
of an exterior wall. In a previous study,1,2 we 
reviewed the risk of microbial growth within 
energy code—compliant exterior walls that use 
a split insulation arrangement, both exterior 
continuous insulation and batt insulation within 
the stud cavities, located in Climate Zones 4 and 
higher, as defined in the International Energy 
Conservation Code (IECC).3

In this study, we focus on quantifying the risk 
of microbial growth and potential deterioration of 
the interior gypsum wallboard for energy code—
compliant exterior walls in hot and humid climate 
zones (such as Climate Zones 1 and 2) because of 
unintentional exterior air infiltration.

EFFECTS OF INSULATION
Because the introduction of insulation in 

any exterior wall system reduces the heat f low 
through the wall assembly, the surface tempera-
tures of materials inboard of the insulation are 
reduced in hot and humid climates (especially 
when air conditioning is used). In addition to the 
temperature drop in the interior space caused by 
the insulation, a subsequent and greater reduc-
tion in the saturation vapor pressure Pws occurs, 
as shown in Eq. (1), which can cause the develop-
ment of condensation.

Saturation vapor pressure is the maximum 
pressure of water vapor, or absolute humidity, 
that can exist within the air. Relative humidity 
(RH) is the ratio of actual water vapor in the air 

to the maximum amount of water vapor at satu-
ration (Eq. [2]). Therefore, the RH of saturated 
air (that is, actual vapor pressure equal to the 
saturation vapor pressure) is 100%.

Because of the relationship between the 
significant drop in saturation vapor pressure 
associated with thermal gradients via insulation, 
increased RH as well as the inherent reduction 
in surface temperatures inboard of the insula-
tion layer is expected. Therefore, it is important 
and ideal to place the thermal control entirely 
outboard of the other building enclosure con-
trol layers, thereby protecting the structure 
and moisture-sensitive finishes from elevated 
RH and potential condensation development. 
However, the energy codes allow either splitting 
the thermal control layer so that it sandwiches 
some of the other control layers or placing it 
entirely inboard of the control layers within the 
stud cavity. If the insulation is placed in a split 
or inboard position, it is imperative to control 
or reduce the vapor and air transport into and 
through the insulation layer to avoid condensa-
tion development or increased surface RH that 
can promote microbial growth.

Condensation can occur on surfaces when 
the surface temperature drops below the dew 
point temperature of the ambient air, which 
occurs when the vapor pressure reaches the 
saturation vapor.

where
T = temperature (°K)
Note that Pws will drop exponentially relative to T.

Equation 1

Equation 2

where
Pw = vapor pressure

where
Tdp = dew point temperature (°C)
Ti = interior temperature (°C)
A = 17.62 
B = 243.12

Equation 3

For interstitial spaces, such as within a wall 
system, the necessary moisture (vapor) for 
condensation or elevated surface RH typically 
comes from two sources: vapor diffusion and 
air leakage. Both of these mechanisms should 
be considered when evaluating the anticipated 
hygrothermal performance of a proposed exte-
rior wall assembly.

Equation 1

Equation 2

Equation 3

where

where

where
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DIFFUSIVE CONDENSATION
Diffusive condensation occurs when mois-

ture migrates from air with a higher vapor pres-
sure to air with a lower vapor pressure. Diffusion 
is a much slower method of transferring mois-
ture than airf low. As a result, it is typically a less 
significant contributor to moisture migration 
associated with condensation problems than 
airf low. Nonetheless, the placement of vapor 
retarders within an exterior wall assembly with 
respect to the location of the insulation warrants 
careful consideration.

As previously discussed, insulation causes a 
significant change in the thermal gradient and 
a corresponding drop in saturation vapor pres-
sure. If the predicted vapor pressure at any point 
across the moisture-sensitive portion of the wall 
assembly were to exceed the saturation vapor 
pressure, condensation would be predicted to 
occur to satisfy equilibrium (Fig. 1). It should be 
noted that the rate of condensation development 
is typically extremely low.

To control diffusive condensation, a vapor 
retarder (typically the water-resistive air barrier), 
should be generally placed on the warm side of all 

CONVECTIVE CONDENSATION
Because airf low through discontinuities can 

carry moisture into a wall assembly at a much 
greater rate than diffusion through materials 
can, air leakage is often the primary source of 
moisture transfer associated with condensation 
within a wall assembly. 

Airf low occurs when there is an air pressure 
differential across an assembly. The differential 
may be caused by wind, mechanical pressuriza-
tion, stack effect, or other factors, and the air-
f low travels from a higher to a lower air pressure. 
Depending on the direction of airf low, ambient 
air temperatures, and the RH of the air and wall 
system materials, airf low may cause either wet-
ting of the assembly’s materials via condensation 
or drying of the materials through evaporation.

For example, if hot and humid exterior air 
f lows into the exterior wall assembly due to a 
pressure differential, moisture can condense on 
surfaces of wall components that are below the 
dew point of the infiltrating interior air. With air-
permeable batt insulation within the stud cavity, 
it can be expected that some infiltrating exterior 
air will be able to reach the inboard face of the 
gypsum wallboard, which may have a surface 
temperature below the dew point temperature 
of the outdoor air, and that could promote con-
densation. Paths for this type of airf low include 
discontinuities within the water-resistive air bar-
rier and exterior sheathing; such discontinuities 
are commonly found around penetrations and 
along terminal edges at interfaces with f loors, 
roofing assemblies, and fenestration.

In general, there are two primary air leakage 
paths: direct and circuitous. Direct paths, like 
the one shown on the left in Fig. 2,4 are typical 
of a through-wall connection or penetration, 

Figure 1. Predicted vapor pressure profile of a typical split insulation system in a hot and 
humid climate. The dashed lines represent the predicted vapor pressure, and the solid lines rep-
resent the saturation vapor pressure. The green shaded region indicates the area where the pre-
dicted vapor pressure exceeds the saturation pressure or where the predicted relative humidity 
exceeds 100% (left). The pressure profile for the same assembly but with a vapor-impermeable 
water-resistive air barrier (right). 

Figure 2. Diagram showing direct airflow paths (left) and circuitous airflow paths (right) for 
a cold weather situation. Figure: Reprinted from reference 4.

insulation, outboard of the inherent drop in satu-
ration vapor pressure, to locally reduce vapor pres-
sure; however, split insulation assemblies make 
this challenging in hot-humid climates (Fig. 1).
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where the air f lows directly from the outside 
to the inside or vice versa. In this case, the air 
usually carries enough thermal energy to warm 
up or cool down the component surfaces along 
the f low path. This typically keeps the surface 
temperature of the contacted elements within 
the f low path above the dew point, which means 
that there will be no condensation along the 
path. Depending on climatic conditions, liquid 
condensation may develop on either the interior 
or exterior surface of the wall assembly. The 
primary concern with direct leakage paths is 
typically thermal shorts (“energy leaks”) within 
the building enclosure.

Conversely, circuitous f low patterns, as shown 
on the right in Fig. 2, do not sufficiently warm 
or cool the greater area of the crossed surfaces; 
therefore, there is a potential for moisture-laden 
air to contact surfaces that are below the dew point 
temperature of the air. This type of air leakage 
path can result in the deposition of significant 
amounts of condensate within the wall system.

To prevent direct and circuitous air paths, all 
materials, components, and assemblies should 
be integrated to provide a continuous air-control 
layer. However, even with a “continuous” air-
control layer, construction practices and general 
operation and service of the building will allow 
some unintended air leakage, which will likely 
increase during the service life of the building 
as materials age and weather. But how much is 
too much, and are there energy code—compli-
ant wall assemblies that fare better when some 
air leakage occurs?

To provide insight on these questions for hot 
and humid climates, we conducted transient 
hygrothermal analyses that considered several 
combinations of partially unknown parameters, 
namely air infiltration rates depending on air-
tightness, actual indoor temperatures, perm 
ratings of interior paints and exterior water-
resistive air barriers, and their impact on the 
hygrothermal performance.

HYGROTHERMAL MODELING
In our study, we used WUFI Pro 6 (WUFI), 

which is modeling software that can assess the 
response of a multilayered system in terms of 
one-dimensional simultaneous heat and mois-
ture transport. Using historical climatic condi-
tions for a given geographic location, WUFI 
can model trends in the moisture content and 
wetting and drying cycles of each component 
in the system over a period of multiple years.

The model we developed—which is similar 
to the air exfiltration model in cold climate 
zones that is incorporated in WUFI—can 
account for the effects of air leakage. Our 
approach takes pressure difference due to stack 

effect and global building air leakage rates, 
which can be derived by blower door measure-
ments, into account. It should be noted that 
this air infiltration model is not yet validated, 
although the authors of the air exfiltration 
model agree that it is viable.

In our study, we used WUFI simulations 
to characterize the inf luence of air leakage 
rates and elevated surface RH on a prototype 
wall assembly in an example location. A brick 
masonry—clad, framed wall section with a 
vapor-impermeable (0.1 perm) water-resistive 
air barrier over glass-matt-faced gypsum board 
as the exterior sheathing was assumed to be 
oriented south in Houston, Texas, which is in 
Climate Zone 2. Further, R-20 batt insulation 
placed between 2 × 6 wood studs and interior 
gypsum wallboard was modeled. The combina-
tion of the following conditions resulted in more 
than 500 combinations simulated with WUFI:

•	 Interior temperatures from 65°F 
to 72°F

•	 Interior RH 50% and 60%
•	 Building airtightness at 75 Pa from 

0 to 1 ft3/min/ft2

•	 Interior finish: latex paint (7 and 
1 perm), vinyl wallpaper

The output data were analyzed and are con-
veyed in terms of ANSI/ASHRAE 160-2016, 
Criteria for Moisture-Control Design Analysis in 
Buildings,5 at the interior paper-faced gypsum 
board. The main criterion is based on a mold 
growth model developed by TEKES (the Finnish 
Funding Agency for Technology and Innovation) 
and VTT (the Technical Research Council of 
Finland),6 which has been validated on actual 
laboratory and field measurements on mold 
growth and takes the temperature, RH, time, and 
substrate class into account. This main criterion 
is based on the mold index values in Section 6 

of ASHRAE 160 (Table 1), and it defines values 
equal to greater than 3 as unacceptable.

RESULTS
We compiled the resulting mold growth 

index (MGI) to provide a more detailed assess-
ment of the hygrothermal performance of 
code minimum R-values in ASHR AE 90.1, 
Energy Standard for Buildings Except Low-Rise 
Residential Buildings,7 and the IECC.3 For exam-
ple, Figs. 3 through 8 illustrate the results after 

Table 1. Mold indices

Index Description of growth

0 No growth

1 Small amounts of mold on surface (microscope), initial stages of local growth

2 Several local mold growth colonies on surface (microscope)

3 Visual findings of mold on surface, <10% coverage, or <50% coverage of mold 
(microscope)

4 Visual findings of mold on surface, 10%–50% coverage, or >50% coverage of 
mold (microscope)

5 Plenty of growth on surface, >50% coverage (visual)

6 Heavy and tight growth, coverage about 100%

Source: Adapted from reference 6.

Depending on climatic 

conditions, liquid 

condensation may 

develop on either the 

interior or exterior 

surface of the wall 

assembly. The primary 

concern with direct 

leakage paths is typically 

thermal shorts (“energy 

leaks”) within the 

building enclosure.
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a 10-year simulation on the exterior surface 
of the interior paper-faced gypsum wall-
board example wall with either a 7-perm 
latex paint or vinyl wallpaper finish under 
60% interior RH. The diagrams show the 
predicted maximum MGI, maximum RH, 
and maximum water content (percent by 
weight) depending on the air leakage rate 
and the indoor temperature. The figures 
also identify the air leakage requirements 
from the IECC and from the following 
organizations and programs: the Passive 
House Institute, the US Department of 
Energy Net Zero Energy Buildings, and 
the US General Services Administration 
Level Tier 3. Sources can be found in refer-
ences 8 and 9. Other results can be found 
in Figs. A.1 through A.6 in the Appendix.

All the diagrams show a similar basic 
and predictable behavior: Wall assemblies 
at higher airtightness levels and higher 
interior temperatures are at lower risk for 
development of mold (as represented by 
the green colors in the lower right cor-
ners of the diagrams). Altering conditions 
toward the upper left corners of the dia-
grams, meaning higher airtightness levels 
and lower interior temperatures, results 
in higher risk for development of mold, 
as represented by the colors turning from 
yellow/orange to red.

It is obvious from the results in the 
Appendix that decreasing air leakage leads 
to better-performing assemblies. Further, 
increased interior operating temperatures 
also help the exterior wall perform bet-
ter: Because the interior drywall will be 
at a higher temperature, the risk of con-
densation for the example wall assembly 
in Climate Zone 2 is lower, assuming the 
levels of airtightness are at least code com-
pliant (0.4 ft3/min/ft2 at 75 Pa) to achieve 
acceptable ASHR AE 160 criterion.

Finally, from the results in the 
Appendix, we can establish that use of a 
Class I or II vapor retarder (less than 1 
perm) is associated with a significantly 
higher risk for mold development in all the 
combinations when compared with the use 
of variable latex paint permeances (greater 
than or equal to 1 perm). This validates the 
code restriction on the use of Class I vapor 
retarders on the interior side of framing in 
Climate Zones 1 and 2.

CONCLUSION
Figures 4 through 8 show that even if 

construction follows the energy code, a 
hygrothermal safe performance is associ-

Figure 3. Maximum mold growth index values for variable air leakage rates and interior tem-
peratures with 7-perm latex paint. DOE NZE = US Department of Energy, Net Zero Energy 
Buildings; IECC = International Energy Conservation Code; Phius = Passive House Institute; 
US GSA Tier 3 = US General Services Administration, Level Tier 3.

Figure 4. Maximum mold growth index for variable air leakage rates and interior tempera-
tures with vinyl wallpaper. DOE NZE = US Department of Energy, Net Zero Energy Buildings; 
IECC = International Energy Conservation Code; Phius = Passive House Institute; US GSA 
Tier 3 = US General Services Administration, Level Tier 3. 

Figure 5. Maximum relative humidity for variable air leakage rates and interior temperatures 
with 7-perm latex paint. DOE NZE = US Department of Energy, Net Zero Energy Buildings; 
IECC = International Energy Conservation Code; Phius = Passive House Institute; US GSA 
Tier 3 = US General Services Administration, Level Tier 3. 



32  •  I IBEC Interface	 November 2022

Figure 6. Maximum relative humidity for variable air leakage rates and interior temperatures 
with vinyl wallpaper. DOE NZE = US Department of Energy, Net Zero Energy Buildings; IECC 
= International Energy Conservation Code; Phius = Passive House Institute; US GSA Tier 3 = 
US General Services Administration, Level Tier 3. 

Figure 7. Maximum water content for variable air leakage rates and interior temperatures 
with 7-perm latex paint. DOE NZE = US Department of Energy, Net Zero Energy Buildings; 
IECC = International Energy Conservation Code; Phius = Passive House Institute; US GSA 
Tier 3 = US General Services Administration, Level Tier 3. 

Figure 8. Maximum water content for variable air leakage rates and interior temperatures 
with vinyl wallpaper. DOE NZE = US Department of Energy, Net Zero Energy Buildings; 
IECC = International Energy Conservation Code; Phius = Passive House Institute; US GSA 
Tier 3 = US General Services Administration, Level Tier 3.

ated with higher interior temperatures and 
lower air leakage rates. Our findings suggest 
that compliance with the energy code does 
not guarantee condensation—or mold-free 
wall performance.

Hygrothermal performance of wall 
assemblies is exceptionally complex, a func-
tion of numerous variables and assumptions. 
Thus, simplified empirical design guides 
may not provide prudent direction. 

This study focused on a single city in 
Climate Zone 2. Additional simulations to 
include more geographic locations and pro-
totype wall assemblies would provide a more 
encompassing design guideline for designers 
to comply with the current energy codes and 
avoid moisture accumulation and microbial 
growth due to condensation.   
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Appendix: Hygrothermal Modeling Results
 

Figure A.1. Interior gypsum wallboard with vinyl wallpaper under 50% relative humidity: (a) 
mold growth index, (b) maximum relative humidity, and (c) maximum water content (per-
cent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = 
U.S. General Service Administration, Level Tier 3.

David Finley

Manfred Kehrer
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Appendix: Hygrothermal Modeling Results

Figure A.2. Interior gypsum wallboard with 1-perm latex paint under 50% relative humidity: (a) mold growth index, (b) maximum relative 
humidity, and (c) maximum water content (percent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = U.S. General Service Administration, Level Tier 3. 
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Appendix: Hygrothermal Modeling Results

Figure A.3. Interior gypsum wallboard with 7-perm latex paint under 50% relative humidity: (a) mold growth index, (b) maximum relative 
humidity, and (c) maximum water content (percent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = U.S. General Service Administration, Level Tier 3.
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Appendix: Hygrothermal Modeling Results

Figure A.4. Interior gypsum wallboard with vinyl wallpaper under 60% relative humidity: (a) mold growth index, (b) maximum relative 
humidity, and (c) maximum water content (percent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = U.S. General Service Administration, Level Tier 3.
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Appendix: Hygrothermal Modeling Results

Figure A.5. Interior gypsum wallboard with 1-perm latex paint under 60% relative humidity: (a) mold growth index, (b) maximum relative 
humidity, and (c) maximum water content (percent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = U.S. General Service Administration, Level Tier 3.
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Appendix: Hygrothermal Modeling Results

Figure A.6. Interior gypsum wallboard with 7-perm latex paint under 60% relative humidity: (a) mold growth index, (b) maximum relative 
humidity, and (c) maximum water content (percent by weight). DOE NZE = U.S. Department of Energy, Net Zero Energy Buildings; IECC = 
International Energy Conservation Code; Phius = Passive House Institute; U.S. GSA Tier 3 = U.S. General Service Administration, Level Tier 3.


