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02.
THE EFFECT OF HEAT FLOW AND MOISTURE ON THE EXTERIOR ENCLOSURE: 

ABSTRACT
This article describes the importance of the effect of heat flow and moisture on the building’s exterior enclosure.  
It provides a basic understanding of the concerns of why understanding heat flow and moisture is important to 
the design of exterior walls, its basic physics and traditional, yet obsolete solutions. It provides a technique for 
making intelligent exterior enclosure decisions regarding condensation using ASHRAE Standard 160 guidelines 
to specify performance-based design criteria. Also, it discusses the application of these criteria to computer 
software that uses the Transient Hygrothermal Behavior Method. 

ASHRAE Standard 160 can be used to establish and/or calculate the criteria for temperature, relative humidity 
and air pressure that may affect moisture (vapor) diffusion in wall assemblies, selecting analytical procedures 
and establishing evaluation criteria for the results of those analytical procedures. The Transient Hygrothermal 
Behavior Method can use the criteria established in ASHRAE Standard 160 to calculate the transfer of heat and 
moisture diffusion over time.  WUFI (Wärme und Feuchte Instationär - Transient Heat and Moisture) is an analyti-
cal procedural software program that can be used in conjunction with ASHRAE Standard 160 evaluation criteria. 
The WUFI program allows realistic calculations of the Transient Hygrothermal Behavior of multi-layer building 
components exposed to natural climate conditions. ASHRAE Standard 160 and WUFI can be used in an iterative 
process and to find solutions where vapor pressure exceeds vapor saturation pressure.   Essentially, WUFI, along 
with the criteria of ASHRAE Standard 160, can help the designer find appropriate solutions to prevent internal 
condensation, provide appropriate insulation and locate suitable positions for air barriers. 

KEYWORDS: heat flow, moisture analysis, exterior building envelope

DEFINITIONS:  
Air Barrier System- An assembly of materials that provides a complete barrier to air leakage through the build-
ing enclosure.
Condensation- The act or process of reducing a gas or vapor to a liquid or solid form.
Heating Climate-  The determination of when the quantitative indices of heating degree days (the demand for 
energy needed to heat a building) exceeds the cooling degree days.
Hydraulic transport-  Movement of material produced by the flow of water.
Hygrothermal- Of or pertaining to both humidity and temperature; combined moisture and heat.
Permeance, Perms-  A measurement of the ability of a material to retard the diffusion of water vapor at 73.4°F/ 
/ 23°C) in response to an applied vapor pressure gradient.  A permeance (a perm measurement unit) is the 
number of grains of water vapor that pass through a square foot of material per hour at a differential vapor 
pressure equal to one inch of mercury.
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1.0 INTRODUCTION
The water hollowed the stone,
The wind dispersed the water,
The stone stopped the wind.
Water and wind and stone. 
 Octavio Paz, A Draft of Shadows1, 2.

There has been an increased interest in the sustain-
ability and durability of our constructed environment 
beginning with the onset of the oil crisis of the early 
1970’s. By the late 1970’s, the issues revolved around 
conserving and reducing the demand of natural re-
sources. By the early 1990’s, the National Resource 
Defense Council spearheaded the Leadership in Energy 
and Environmental Design (LEED) system with the U.S. 
Green Building Council (USGBC) and industry design, 
engineering and construction leaders. USGBC’s LEED 
system along with allied organizations such as The 
American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), not only created 
standards and metrics to address the demand of natu-
ral resources, but expanded the idea of environmental 
design by including issues such as indoor air quality 
and water efficiency. By the mid-1990’s, these groups 
had reinforced LEED’s goals and also added their own 
values, such as durability, to the concept of sustainable 
design. When we think of the durability of materials, 
we typically think of the effect that weather, primarily 
wind and rain, has on its appearance and performance.  
These readily observed forces affect the appearance 
and, therefore, the aesthetics of a building through pa-
tina, weathering, staining and erosion1. However, these 
same forces, water as vapor and wind as pressure dif-
ferentials, can also work less visibly within our struc-
tures and assemblies resulting in durability issues that 
affect the life building performance.

By 1990, the design and engineering professions began 
addressing the need to mitigate the effect that these 
invisible forces have on the construction assemblies. 
In 1996, ASHRAE created a chair for the Prevention 
of Moisture Damage with the sole purpose of creating 
more durable environments. As early as 1999, they 
formed a committee and incorporated ideas to mitigate 
mold growth and improve the health of building oc-
cupants by eliminating or mitigating moisture damage 

through climate, construction type and system opera-
tions3. By the mid-2000’s, the American construction 
industry began moving away from prescriptive codes 
and standards to a more performance-based design.  
ASHRAE created Standard 160 to address criteria that 
can be used in analyzing systems while ASTM Inter-
national created a standard, ASTM E-241, for limiting 
water-induced damage to buildings4. Soon, designers 
will no longer be allowed to simply use rules-of-thumb 
such as a vapor barrier belongs on the warm side of the 
insulation. The design team will be required to analyze 
the effect of heat flow and moisture on building systems 
and design to the parameters of program, site and con-
struction assemblies.

This article provides an explanation of how heat flow 
and moisture affect exterior wall assemblies as well as 
basic concepts regarding moisture and vapor control.  
Finally, this article explains ASHRAE 160 Standard Cri-
teria for Moisture-Control Design Analysis in Buildings 
and the Transient Hygrothermal Behavior Method as 
tools for analyzing and designing wall assemblies. 

2.0 EFFECTS OF HEAT FLOW AND MOISTURE ON  
      EXTERIOR WALL ASSEMBLIES
With the increased need for more energy-efficient envi-
ronments, buildings are being designed with increased 
insulation and barriers to limit air infiltration. There is 
a vigorous debate about whether the search for these 
solutions has created an environment that has allowed 
for potential condensation problems to occur within 
and around wall assemblies through hygrothermal pro-
cesses3, 5. In lieu of answering the question of whether 
or not energy efficiency is causing water mitigation 
problems, we are taking the spirit of ASHRAE 160 in 
defining issues regarding heat flow and moisture, how 
to analyze the data and how to apply the resultant infor-
mation. Current codes do not adequately address either 
a prescriptive or performance-based solution for solv-
ing condensation issues. For instance, the International 
Building Code 2009 (IBC) only requires the use of a 
vapor retarder in certain attic spaces, roof and wood 
or light-gauge steel frame construction and permits 
the use of vapor retarders in other assemblies6. Where 
the code requires a vapor retarder, the requirements 
are prescriptive; the code tells you what you must do. 

R-Value-  A measure of the capacity of a material, such as insulation, to impede heat flow with increasing 
values indicating a greater capacity (The inverse of U-value).
Vapor Retarder– A material that delays or impedes the progress of gaseous particles of water by diffusion
U-Value-  A measure of heat transmission through a material for a given thickness (The inverse of R-Value).
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Where vapor retarders are permitted, the code offers 
no assistance in their location within the wall assembly. 
Their need and application is the designer’s responsi-
bility.

The sole purpose of a vapor retarder is to delay or im-
pede the progress of water vapor to the adjoining area. 
If the water is being stored or built-up in an area, the 
effects of this water need to be investigated. Currently, 
IBC addresses the need to protect against condensa-
tion and drain water that has infiltrated the exterior wall 
assembly, but does not address how to analyze and 
execute such concerns. The code limits its discussion 
to the requirement only. Therefore, the exterior wall de-
signer must understand how heat flow and vapor diffu-
sion are occurring within the wall assembly and how to 
place the vapor retarder, if needed, in the proper loca-
tion within that assembly.  

The most effective way of eliminating vapor transmis-
sion through the exterior wall is to provide a solid and 
continuous air-barrier system around the perimeter 
of the building. Since air contains vapor, limiting the 
transference of air substantially limits the movement of 
vapor7 (see Figure 1). In order to be a recognized air 
barrier system, the system must comply with ASTM E 
2178 Standard Test Method for the Air Permeance of 
Building Materials. These systems come in a variety of 
materials, such as rigid, flexible and fluid-applied8.

So, why do we need to address vapor diffusion if an 
air barrier is preventing the majority of vapor transmis-
sion? While air barriers must have a low degree of air 
permeance, their vapor permeance can vary widely and 
they may need to be used in conjunction with vapor 
retarders. Each building material has its own vapor per-
meability. When combined as a wall or roof assembly, 
the materials may let vapor move through the assembly 
or delay its progress through diffusion. Vapor’s location 
and movement needs to be examined to determine any 
potentially deleterious effects.  The most common prob-
lem with vapor transmission occurs when vapor mol-
ecules condense into liquid water, a historical enemy 
of the built environment. When vapor is allowed to con-
dense uncontrolled in a concealed wall assembly, the 
effects, such as corrosion of metals and increased bac-
terial and fungal growth, can be serious. These adverse 
effects can negatively impact the long-term durability 
of the materials and indoor air quality.  However, vapor 
transfer can be delayed through an assembly by the use 
of vapor retarders, which delay the progress of gaseous 
particles of water by diffusion. The location within the 
wall assembly of these air barriers and vapor retarders 
will have an effect on the performance, cost and aes-
thetics of the building.  The need for and location of the 
vapor retarders must be investigated, established and 
any potential adverse affects addressed in the building 
design.

Figure 1: Air leakage.
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In addition, not only will the diffusion of air and vapor 
significantly affect the performance of the exterior wall, 
but so will the combination of heat and moisture move-
ment in exterior wall assemblies. Heat flow is the natu-
ral movement of heat from a material at a higher tem-
perature to one that is lower9. Heat flow and moisture 
migration have traditionally been looked at as separate 
design criteria. The Transient Hygrothermal Behavior 
Method allows for these two criteria to be analyzed to-
gether and can lead to better and more efficient de-
sign considerations. The combined analysis of looking 
at heat flow and moisture migration coupled with time 
allows the designer to see how external heat sources, 
temperature gradients through materials and the limita-
tion or diffusion of moisture affect the assembly at the 
same time. These forces are particularly evident in the 
effects of moisture on building insulation components3. 
The performance of insulation or any material depends 
not only on the material’s heat conductivity (U-value), 
but also the moisture content of the material. Strong 
evidence has been scientifically recorded that shows 
certain moisture-laden insulation materials perform at 
much lower rates than the manufacturers’ published 
dry-state R-Values (heat resistance)10. This reduction in 
the R-value can result in additional energy consump-
tion and reduced thermal comfort of the building’s 
occupants. These consequences, along with rust and 
microbial growth, have a direct relationship to the wall 
assemblies’ thermal resistance, latent moisture content, 
vapor and air barrier locations as it relates to internal 
and external climate conditions11, 12. Therefore, in vari-
able environments it becomes important to review the 
heat-flow in different seasons and weather conditions to 
understand how the insulation will perform and affect 
the performance of the exterior wall assembly.

2.1 Basic Concepts Regarding Moisture and  
      Vapor Control
To be able to understand these complex building assem-
blies and make intelligent decisions regarding moisture 
and vapor control, it is necessary to understand the ba-
sic concepts of insulating materials, air barrier systems 
and vapor retarders and their relationship to humidity, 
temperature and condensation. Moisture content in the 
air, otherwise known as vapor, can travel through ma-
terials in two ways:  through air movement and through 
diffusion.  When vapor is not allowed to easily flow from 
one atmosphere to another, it can be trapped in areas 
and can lead to condensation. Condensation is the pro-
cess by which matter transitions from a gas (or vapor) 
phase into a liquid phase. This can happen when the 
amount of vapor contained in the air meets its satu-

ration point or the ability of the air to hold water in a 
gaseous state.  The factors that relate to the saturation 
point or dew point are related to thermal temperature 
of the area in question and the relative humidity of the 
area in question under constant pressure. A general 
concept in the transfer of vapor and condensation is 
that cool air can hold less water than warm air.  

The designer must be aware if and where the vapor in 
the wall assembly is being impeded or the conditions 
are created that may have a harmful effect.  It has been 
already discussed that the majority of this vapor can be 
stopped by using air barriers assemblies.  These air bar-
riers also have vapor permeability ratings that relate di-
rectly to their proper placement. Seven U.S. states have 
already adopted conservation codes with requirements 
for air infiltration and four states have pending codes8. 
In addition, model energy codes such as the 2009 ICC 
International Energy Conservation Code are requiring 
the need for increased insulating values of exterior wall 
assemblies. These current design requirements require 
the designer to understand the wall assemblies vapor 
permeability, temperature and relative humidity gradi-
ents and how they affect their design.

Traditionally, the vapor retarder is placed on the warm 
side of the insulation. In theory, this impedes moisture/
vapor from condensing against adjacent substrates 
where typical weather conditions meet the dew point.  
When the ability of a material to hold water ceases (va-
por content reaches vapor saturation) and temperature 
gradients meet the dew-point temperature, vapor will 
condense into water causing a need for a design resolu-
tion (see Figure 2). For example, in heating-dominated 
climate such as Chicago, Illinois, the vapor retarder is 
typically placed on the interior side of thermal mass to 
prevent the warm, relatively moist interior climate from 
diffusing to the cold, relatively dry climate of the exte-
rior. In a humid cooling climate such as Miami, Florida, 
the opposite would be the typical practice. 

If we were to look closer at those conditions and study 
them over the course of a year, we might find conflicts 
in the design approach. For instance, Chicago is also 
known for its short season of humid cooling climate 
during the late summer months; it has traditionally been 
assumed that this duration was too short and the risk of 
condensation too small to worry about. In other cases, 
the interior climate has been adjusted to suit a particu-
lar need such as low humidity in a rare book library, or 
the use of a space can result in high humidity, as in a 
natatorium. Or, perhaps a material can be technically 
considered a vapor retarder such as certain interior wall 
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Figure 2b: One-dimensional steady state heat transfer diagram.

Figure 2a: Assembly diagram.
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coverings. Therefore, the design needs to prevent the 
potential trapping of moisture within the assembly. In all 
these cases, how does one assess the risk of adding a 
vapor retarder to the assembly and determine its loca-
tion in the assembly? 

In order to help analyze the exterior wall assembly, we 
will investigate two recent trends in the building scienc-
es for the determination of criteria and analysis of mois-
ture-control design. The first is ASHRAE Standard 160 
Criteria for Moisture-Control Design Analysis in Build-
ings, which provides set of criteria for the assemblies 
design, selection of analytical procedures and criteria 
for analyzing the results. The second  is the Transient 
Hygrothermal Behavior Method that uses a ten-year 
data base of weather information to analyze, not only 
the potential for condensation at a given time, but also 
to see the potential influences that heat flow and build-
ing exposure can have on the assembly.  This method 
can only be understood effectively through software 
programs such as WUFI (Wärme und Feuchte Insta-

tionär - Transient Heat and Moisture) software, devel-
oped by Fraunhofer Institute for Building Physics (IBP).

 
2.2 ASHRAE Standard 160 Criteria for Moisture- 
      Control Design Analysis in Buildings
ASHRAE Standard 160 Criteria for Moisture-Control 
Design Analysis in Buildings, has been established as 
a performance-based tool for setting criteria for setting 
design parameters, selecting analytical procedures and 
moisture performance evaluations of building enclo-
sures3, 5, 13. This standard can be used with a variety 
of different analytical tools including computer-based 
moisture analysis tools by establishing much of the 
criteria that has been discussed earlier. A reason for 
establishing the standard is to allow the design and con-
struction industry to have a consistent set of underlying 
assumptions. This allows the professions to base their 
analysis on the appropriate design loads operating on 
the building above grade by establishing minimum at-
tributes. It must be mentioned that the standard does 

Figure 3: ASHRAE 160 Supplemental workflow diagram.
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not address the needs of thermal comfort, air quality 
or bulk water issues such as rainwater, plumbing leaks 
or floods—these issues must be addressed elsewhere 
and they are not the focus of this article. The standard, 
along with its appendices, provides guidelines for mois-
ture-control design procedure allowing for the hypothet-
ical testing of materials and climate situations based on 
actual weather data or ASHRAE standard climate data 
(see Figure 3).  

By following the standard, the first set of criteria is es-
tablishing design parameters or loads. ASHRAE has 
chosen to base their 10 percent safety factor on an in-
ternational consensus of 10 percent failure13. The de-
sign loads that ASHRAE Standard 160 establishes are 
the initial moisture content of building materials, indoor 
design temperature, indoor design humidity, optional 
design air pressure differentials and flows, and mois-
ture design weather data.

One design criterion that is now beginning to be ac-
knowledged as important in the analysis is initial mois-
ture content of building materials. Most materials have 
embodied water content. Some materials have such 
a large content that vapor eventually diffuses into the 
general wall assembly. These materials are concrete, 
wood and wet-spray cellulose insulation. These materi-
als release their water content into the wall assembly.  
In concrete, it is the concrete curing. In wood, it is the 
material drying out its natural saps. In wet-spray insu-
lation, it is the drying of the added water required to 
spray the insulation. It also takes into consideration the 
water content that may be absorbed or imbedded from 
the construction process, such as rain or storage. In 
Standard 160, ASHRAE has decided that this is a cri-
terion that needs to be in a wall assembly design and 
has established each material, except concrete, to have 
an equilibrium water content of 80 percent. This cri-
terion is called EMC80. Concrete is assumed to have 
an equilibrium water content of 90 percent or EMC90.  
The standard states if no special measures are taken 
to mitigate the imbedded water content of a material, 
the established EMC water must be taken at twice the 
standard level.

The next design criteria are internal loads and are in-
terior design temperature and interior design humidity.  
Indoor air temperature is the project specification as 
required by code, regulation or law. If it is not estab-
lished, ASHRAE provides calculations based on heat-
ing, cooling and averaging the outdoor air temperature. 
ASHRAE allows for the designed relative humidity if it is 
controlled by the building’s heating, ventilation and air 
conditioner (HVAC) system. If the HVAC system does 

not control humidity or does not exist, the interior de-
sign humidity can be figured in three ways. The first 
method, the simplified method, considers humidity 
level for buildings without an air-conditioning system.   
However, the values are primarily based on variables 
from northern Europe because the primary leadership 
and research has been developed by German build-
ing scientists. These variables are not scientific, but 
are primarily a correlation between exterior and interior 
relative humidity13. These non-scientific values can be 
higher than assumed especially in dry-climates. The 
next method, the intermediate level allows for more 
exact calculation of the criterion. However, the build-
ing must have a dehumidification or air-conditioning 
system. Other variables include residential versus non-
residential and ventilated versus non-ventilated build-
ings. The last method is full parametric method and is 
more sophisticated, but needs ventilation software and 
weather data.

The last set of design criteria that exterior wall assem-
blies need to consider per ASHRAE Standard 160 in-
clude external loads and water loads from the exterior 
environment. These are rain, air pressures and flow. 
The rain criterion needs to consider ten-year minimum 
weather data, which needs to include dry-bulb air tem-
perature, total solar insolation on a horizontal surface, 
average wind speed and direction, rainfall, cloud index 
and a choice of vapor pressure, dew-point, wetbulb 
temperature, relative humidity or humidity ratio. The air 
pressure and flow criteria can completely dominate the 
criteria set of water vapor diffusion. Since the method of 
verifying this data set is not readily available, ASHRAE 
decided to make this criterion optional. If chosen to 
include as a factor, the standard does guide air tight-
ness, minimum air pressures and pressure direction. 
ASHRAE does point out that this portion of the standard 
is elusive and still under review.

ASHRAE considers two performance criteria for analyz-
ing the results of exterior wall designs.  These criteria 
are for mold and corrosion. The mold criterion is based 
on IEA Annex 14 from 1991. The criteria for avoiding 
mold growth are a 30-day running average surface rela-
tive humidity of less than 80 percentage running be-
tween 5o-40o C (41o -104o F), a 7-day running average 
surface relative humidity of less than 98 percent when 
the temperature is between 5o-41o C (41o -104o F) and 
24-hour running average surface relative humidity of 
less than 100 percent when the temperature is between 
5o-40o C (41o-104o F). ASHRAE does acknowledge that 
the performance criteria are general and that some 
bacterial growth exists at lower humidities and/or tem-



peratures. The corrosion criterion allows for the analysis 
to be material specific if known.  However, if not known 
the default should be a relative humidity less than 80 
percent for an average 30-day period.

But how does one use ASHRAE Standard 160’s criteria 
for both design and performance?  ASHRAE Standard 
160 also sets criteria for selecting analytical tools that 
can use the design data and will give the output to ana-
lyze the data. The analytical procedures and tools need 
to be transient or time-oriented in nature and have the 
following minimum requirements: energy transport, 
material properties as a function of water content, water 
transport including capillary transport, moisture dispo-
sition on surfaces, storage in materials, vapor diffusion 
and water leakage. If the exterior wall includes a venti-
lated cavity, the process must include temperature and 
surface relative humidity, average temperature for each 
material layer and average moisture content of each 
layer. Acceptable analytical procedures are incorpo-
rated in the German software program, WUFI software 
(Wärme und Feuchte Instationär - Transient Heat and 
Moisture), and is discussed in the next section along 
with how ASHRAE Standard 160’s criteria is incorpo-
raed.

2.3 Transient Hygrothermal Behavior Method
WUFI (Wärme und Feuchte Instationär - Transient Heat 
and Moisture) is a software program that produces com-
putational modeling of the dynamic movement of heat 
and moisture transportation through wall assemblies. 
Beyond the steady-state concepts applied with dew 
point assessment, WUFI analysis provides a more real-
istic calculation of the transient hygrothermal behavior 
of the exterior wall assembly by realistically simulating 
heat and moisture performance based on historical 
weather data for specific climatic regions and building 
orientation. WUFI offers an hour-by-hour overview of 
the complex and dynamic moisture transport phenom-
ena occurring within construction assemblies during a 
specified period of time and highlights basic principles 
and interactions present during moisture transport. The 
program takes into account various properties such as 
permeability, moisture storage capacity of assembly and 
thermal conductivity, which affect the heat and mois-
ture movement within the wall. WUFI results include 
temperature and relative humidity values within the 
wall, and solar load and rain load as a function of time. 
WUFI is capable of performing a dynamic analysis over 
accelerated time, typically a minimum 10-year weather 
cycle. During this cycle, the temperature, moisture con-
tent, relative humidity, dew-point, heat fluxes and vapor 
drive within the wall are observed concurrently to deter-

mine any deleterious effects. WUFI analysis generates 
graphic diagrams showing a momentary snapshot of 
how the wall assembly is performing.

Based on the ASHRAE Standard 160, WUFI offers the 
designers of an exterior wall assembly the tools needed 
to generate a performance-based design evaluation.  
Per ASHRAE Standard 160, “The purpose of this stan-
dard is to specify performance-based design criteria for 
predicting, mitigating or reducing moisture damage to 
the building envelope, materials, components, systems 
and furnishings, depending on climate, construction 
type and HVAC system operation”5.

The ASHRAE standard specifies the minimum time 
required for analytical procedures, depending on the 
building design and other parameters. For instance, if 
the construction is a pre-cast concrete wall, the analyti-
cal procedure should be able to handle water absorption 
and redistribution in the pre-cast concrete. In contrast, 
where a wall assembly does not contain hygroscopic 
materials and is airtight, a simple vapor diffusion analy-
sis may be sufficient. The standard also defines design 
input values or “design moisture loads,” primarily by 
prescribing default values in case the designer does not 
have actual design specifications. These include interi-
or as well as exterior (such as rain and humidity) loads. 
WUFI can calculate interior relative humidity RH levels 
using the ASHRAE 160 Standard Method. Finally, the 
standard describes how the results from the analysis 
should be interpreted. It provides criteria to determine 
if the building component is likely to perform satisfacto-
rily or not. Some of the criteria that can be modeled in 
WUFI include the RH levels and the time an assembly’s 
RH is over 80 percent. These conditions could lead to 
interior component corrosion and potentially create an 
environment that fosters mold growth. The analysis also 
calculates the total amount of water retained in individ-
ual wall components and uses the result to determine if 
the insulation is not drying out over the specified length 
of time.

While different air barrier products may display simi-
lar wall performance results when modeled with WUFI, 
their actual, real-world performance characteristics 
may vary in practice due to the nature of the product 
or application methods (see Figure 1 for air leakage as 
an example).  

WUFI is available as a free research and education ver-
sion from the Oak Ridge National Laboratory Buildings 
Technology Center (http://www.ornl.gov/sci/btc/apps/
moisture/ibpe_sof161.htm).
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2.4 Sample WUFI Analysis
For the WUFI test case, we looked at a pre-cast con-
crete panel assembly for use in a 10-story office build-
ing in Minneapolis. We used the WUFI Pro 4.0 IBP ver-
sion of the program to determine the optimal location 
of the vapor barrier. Three test case wall assemblies 
where chosen for the analysis. The first case is the pre-
cast panel assembly without a vapor barrier, the second 
case is the same assembly with a vapor barrier located 
on the cold side of the insulation and the third case is 
the assembly with a vapor barrier located on the warm 
side of the insulation.

When performing the WUFI calculations, we followed 
the ASHRAE 160 Supplemental Workflow Diagram (Fig-
ure 2) in setting up the test case parameters:

• Start moisture design
• Exterior wall assembly: Case 1, 2 and 3
• Assign material properties
• Select initial conditions per ASHRAE 160
• Select outdoor conditions
• Select exposure conditions
• Humidity and temperature range
• Perform analysis
• Acceptable performance
• Report results

Figure 4a: Case 1 - component assembly. Figure 4b: Case 2 - component assembly.

The Case 1 assembly design is composed of the follow-
ing materials:

Pre-cast concrete panel, 5.41 inch thick
Air layer, 1 inch thick
Insulation Owens Corning CW8 Unfaced, 3.5 inch thick
Air layer, 3-1/2” metal stud
Gypsum board, 5/8 inch thick
See Figure 4a

The Case 2 assembly design is composed of the follow-
ing materials:

Pre-cast concrete panel, 5.41 inch thick
Air layer, 1 inch thick
Insulation Owens Corning CW8 Unfaced, 3.5 inch thick
Air layer, 3-1/2” metal stud
Gypsum board, 5/8 inch thick
See Figure 4b
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As noted, the test case project is located in a cold cli-
mate, the basic wall assembly is the same for each case 
the only variable that changes is the addition of a vapor 
barrier and its location inside the wall assembly (Case 
1: no vapor barrier in the wall assembly; Case 2: a vapor 
barrier on the cold side of the wall assembly; Case 3: a 
vapor barrier on the warm side of the wall assembly).

We assigned the material properties using basic ma-
terials with known hydrological properties in the WUFI 
material database.  Per the ASHRAE 160 requirements 
we assigned an 80 percent RH level at the beginning 
of each test to simulate the higher moisture content in 

building materials during initial construction.  
The outdoor conditions are based on actual weather 
data files available with the WUFI software. Per the 
ASHRAE 160 Standard, a ten year analysis using the 
weather files are required. For the test case analysis we 
performed a ten year calculation to validate our results, 
but we limited our graphs to show one year worth of 
data in order to simplify the legibility of the graphs.

WUFI calculates the building exposure conditions. For 
our test case we oriented our structure facing north.  
Based on the actual weather and climate data for Min-
neapolis, using the WUFI software we did a rain analysis 
to determine how much wind driven rain is impacting 
the north face of our test building.

The humidity and temperature for the test cases are set 
at an indoor design temperature of 21o C (70o F). The 
indoor design humidity is set at 70 percent RH. These 
are based on the ASHRAE 160 requirements.

During the analysis of each test case, the temperature, 
moisture content, relative humidity, dew-point, heat 
fluxes and vapor drive within the wall are observed con-
currently to determine any deleterious effects. Results 
are shown in Figures 5, 6 and 7.

Figure 4c: Case 3 - component assembly.

The Case 3 assembly design is composed of the follow-
ing materials:

Pre-cast concrete panel, 5.41 inch thick
Air layer, 1 inch thick
Insulation Owens Corning CW8 Unfaced, 3.5 inch thick
Vapor retarder (1 perm rating)
Air layer, 3-1/2” metal stud
Gypsum board, 5/8 inch thick
See Figure 4c
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Figure 5a: Case 1 - Results for water content.

Figure 5b: Case 1 - Results for water content.
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Figure 5c: Case 1 - Results for temperature and relative humidity.
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Figure 6a: Case 2 - Results for water content.

Figure 6b: Case 2 - Results for water content.
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Figure 6c: Case 2 - Results for temperature and relative humidity.
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Figure 7a: Case 3 - Results for water content.

Figure 7b: Case 3 - Results for water content.
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Figure 7c: Case 3 - Results for temperature and relative humidity.
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2.5 Discussion of WUFI Analysis Results
Per the ASHRAE 160 Standard, the performance of 
the design assembly must meet moisture performance 
evaluation criteria. These criteria apply to all materials 
and surfaces except the exterior surface of the building 
envelope. The basic requirements are:

• Conditions necessary to minimize mold growth
• Corrosion, based on RH levels above 80 percent 

over a sustained period of time

The WUFI program generates water content (lbs/ft3) 
for each material in the test case wall assemblies (see 
Figures 5a, 6a and 7a). As noted in the standard, we 
ignore the exterior surface in this analysis (the pre-cast 
concrete panel). The vapor retarder does not absorb 
any water and the air layer can show water accumula-
tion at the boundary conditions next to adjacent materi-
als. The most critical component in each test case is the 
insulation and interior gypsum board.

The WUFI results show if the insulation is absorbing wa-
ter, which is important since it could greatly impact the 
actual R-value. Since the proposed building is in Min-
neapolis, it is important to get the optimal R-value from 
the insulation. Looking at the water content graph for 
the Owens Corning CW8 unfaced insulation data out-
put, we see that in the Case 1 assembly (Figure 5a), the 
insulation has achieved a steady state in the moisture 
balance. In Case 2 (Figure 6a), we observe an increase 
in the amount of water being absorbed in the insulation. 
This would have a negative impact to the R-values. In 
Case 3 (Figure 7a), the insulation layer is observed to 
be drying out over the course of the year.

We also have to take into account the effect of humidity 
and temperature inside each case assembly. Looking 
at Case 1 (Figure 5c) humidity and temperature lev-
els, we can observe that at monitor position (MP) 3, at 
the boundary between the back of the pre-cast and the 
1-inch air cavity, humidity levels are observed from 100 
percent RH in the cold months to 75 percent RH in the 
summer.  There is also a significant amount of water 
(0.75 lbs/ft3) recorded that could result in condensation 
forming on the back of the concrete pre-cast panels.  
MP 4 is at the mid-point of the Owens Corning CW8 
insulation layer.

At Case 2 (Figure 6c), we observe that there is less hu-
midity at MP 3 than in Case 1, but there are sustained 
humidity levels in excess of 80 percent RH at MP 4. 
Based on the water content at MP 4, this would have a 
negative impact on the insulation R-value as previously 
noted.

At MP-3 in Case 3 (Figure 7c), we observe more fluc-
tuations in the RH levels at the back of the pre-cast. 
However, at MP 4 (within the insulation), the RH levels 
range from 45 percent to just a bit above 75 percent in 
the summer months. There is very little water accumu-
lating in the insulation layer based on the water content 
graph (Figures 5a and 5b).

Based on the total water content graphs and the RH lev-
els inside the wall cavity, our best performance comes 
from the test Case 3. The graphs indicate that we are 
not retaining water inside the wall assembly.

The last chart (Figure 8) shows profile views across 
each case wall assembly. Each profile is a view through 
the test assembly for any given day—in this case, Feb-
ruary 25, 2011, the last date for the WUFI study.  The 
plot lines show where the vapor drive through the wall 
assembly is meeting resistance, caused by the physi-
cal material properties or by the application of a vapor 
barrier. This profile is for one day’s result, but the WUFI 
software is able to generate an animation that shows, 
for each 24-hour over the course of the WUFI analysis 
period (for this study, a year) when the test case wall 
assembly has reached its dynamic steady state where 
the amount of vapor accumulation is stable and is not 
decreasing or increasing.

Based on the above observations, we can see that 
Case 3 is the optimal design for our test exterior wall 
assembly. There are still issues with the amount of wa-
ter vapor accumulating in the outer air cavity that need 
to be addressed by the design team. There are other 
options the design team could study, such as provid-
ing a water-repelling treatment on the exterior pre-cast 
concrete face to reduce the amount of water absorbed 
in the concrete. Each proposed concept can then be 
re-evaluated with a new WUFI analysis.

3.0 CONCLUSION
The demands on the design team to understand the 
performance of the exterior wall assembly is becom-
ing more important with the advent of more stringent 
requirements. Heat flow and moisture content in exte-
rior walls are becoming major design factors. Using old 
rules of thumb and metrics may no longer be advisable 
if the reasons behind them are not clearly understood 
and a better understanding of the design can be gar-
nered from recent standards and procedures.  

In addition, there has been an increased requirement 
to maintain an exterior enclosure that conserves energy 
by increasing insulation values and providing complete 
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Figure 8: Profile chart for Case 1, 2 and 3.
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air barrier systems. These changes in our assemblies 
require examination on the heat flow and the move-
ment of moisture in the wall assembly.  The exterior wall 
needs to be designed to prevent corrosion and degra-
dation of materials, maximize performance abilities of 
building materials and contribute to good indoor air 
quality including avoiding mold or bacterial growth.

Traditional steady-state diagrams have been used suc-
cessfully in the past to verify exterior wall performance.  
However, the current and future use of more progres-
sive exterior wall assemblies, new materials and vari-
able climate control is creating a wider assortment of 
factors than traditional steady state diagrams can com-
pute. For projects that require more complex analysis, 
the industry is moving towards standards that allow 
these calculations to be easily performed by the design 
team. New standards, such as ASHRAE 160 Criteria 
for Moisture-Control Design Analysis in Buildings estab-
lishes procedure for the design and performance of ex-
terior walls while it also establishes criteria for selecting 
analytical procedures. New software applications, such 
as WUFI (Wärme und Feuchte Instationär - Transient 
Heat and Moisture), have been developed to assist  the 
design team to collect data regarding the exterior wall. 
Together the criteria developed by ASHRAE Standard 
160 and software such as WUFI coupled with the itera-
tive process alluded to in Standard 160 can be used to 
create more intelligent design decisions in relationship 
to heat flow and moisture migration. Through industry 
demands and leadership, the increased performance 
of exterior wall in corrosion resistance, insulation values 
and enhanced indoor air quality will increase the lon-
gevity and value of the built environment.
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