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Abstract:

Exterior sheathing insulation is an effective strategy in increasing the overall R-value of wall assemblies;
other benefits include decreasing the effects of thermal bridging and increasing the moisture durability of
the built assembly. Vapor-permeable exterior insulation, such as mineral board or expanded polystyrene
foam, are one such product that may be used to achieve these benefits. However, uncertainty exists on the
effects of imward driven moisture and the interaction of increased sheathing temperatures on the

moisture durability of the edifice.
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Executive Summary

Exterior sheathing insulation is an effective strategy in increasing the overall R-value of wall
assemblies; other benefits include decreasing the effects of thermal bridging and increasing the
moisture durability of the built assembly. VVapor-permeable exterior insulation, such as mineral
board or expanded polystyrene foam, are one such product that may be used to achieve these
benefits. However, uncertainty exists on the effects of inward driven moisture and the interaction
of increased sheathing temperatures on the moisture durability of the edifice.

Inward driven moisture is only a prominent concern when a wetted moisture storing cladding is
exposed to elevated levels of solar radiation. The elevated cladding temperatures create a high
vapor pressure which drives the moisture into the wall assembly. To mitigate inward flowing
moisture, it suffices to utilize a low permeance water resistive barrier (WRB). However, this also
inhibits outward flowing moisture.. The complication arises when, during the heating season,
outward flowing moisture is inhibited by the WRB, potentially resulting in condensation. The
alternatives to minimize moisture accumulation are to either increase the surface temperature of
the sheathing (with the use of exterior insulation), or to enable outward drying of the sheathing.

To address these concerns, Building Science Corporation (BSC) conducted a series of
hygrothermal models for cities representinga range of different climate zones (DOE Climate
Zones 1, 3, 4, 5, and 7). A parametric study was conducted to assess the range of impact of
varying levels of exterior insulation (07, 17, 2”, 4” of mineral board, R4 per inch) and
permeances (0.1, 1, 10, 50 perms) of the WRB . Other modulated variables include the presence
of interior vapor control (polyethylene sheet, Kraft paper), type of structural sheathing (plywood
or OSB), and the air exchange rates of the gap behind brick cladding (1-4 air changes per hour).

The team found that a WRB permeance in the range of 1 to 10 perms enables sufficient throttling
of inward driven moisture while still enabling outward drying in all climate zones, from 1 to 7,
with at least 1 in. of exterior insulation (R4). However, very low permeance WRB (less than 1
perm) should not be utilized unless 1 in. or more of exterior insulation is provided. The team
recommends that at least 2 in. of exterior insultion is utilized in climate zones 6 and 7. High
permeance WRBs (50 perms), should not be used with vapor-permeable exterior insulation with
reservoir claddings that are exposed to elevated levels of rain. Low permeance interior vapor
control results in elevated moisture content (MC) of the sheathing, by capturing the inward
driven moisture. Low permeance interior vapor control layers should be avoided.

Section 1.0 provides a complete description of the research project and a rationale for the

investigations as well as the cost basis. Section 2.0 details BSC’s research method, approach, the
key research questions that were examined, and the procedures utilized to analyse the problems.
Section 3.0 describes the analysis that will be completed and Section 4.0 summarizes the results.
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1 Problem Statement

1.1 Introduction

The moisture performance of walls with higher cavity R-values using permeable insulations,
particularly in homes with lower air exchange rates, is poorly understood. Higher risks of air
leakage wetting and reduced diffusive drying potentials are theoretically expected to increase
moisture risk (Straube & Smegal, 2009), but little research is available to better quantify this
risk. Adding insulating sheathing to existing walls with these characteristics is one way of further
increasing the thermal resistance of these assemblies. However, for other reasons these exterior
insulating sheathing products may reduce the outward drying potential of the assembly.
Insulating sheathing are available in a range of permeances from very high (i.e., more than 70
US Perms) to very low (i.e., under 0.1 US Perms). There is a need for further research to identify
the circumstance in which a vapor-permeable insulating sheathing, defined as having a
permeance greater than 5 perms (IRC, 2012) (such as mineral wool, glass fiber) would be
preferred over a lower permeable product. This research also includes consideration for the
impact of several common cladding types, such as vinyl siding, stucco, wood, fiber cement
siding, and brick.

The biggest concern regarding vapor permeable insulating sheathings is inward driven moisture
caused by solar radiation hitting a wetted moisture storing cladding, a problem that occurs in all
climates. When a wetted reservoir cladding is exposed to elevated solar radiation, a high vapor
pressure is created behind the surface of the cladding. This high vapor pressure results in
outward drying but also creates an inward vapor drive, particularly if the indoor is air
conditioned to a lower vapor pressure. The vapor permeance of the weather resistive barrier
(WRB), as well as any structural sheathing (i.e. OSB, plywood, etc) may throttle inward vapor
drive, but the degree of vapor restriction is unknown and the effects on the moisture durability of
the wall assembly has not been quantified in such circumstances. A complication arises when a
low vapor permeance WRB is used in cold climates where outward vapor flows may occur. A
low permeable WRB with no insulating sheathing with vapor-permeable cavity insulation results
in decreased sheathing temperatures, which may result in condensation. To mitigate this, either
the sheathing temperature must be elevated, through the use of exterior insulation, or a more
vapor-permeable WRB must be utilized, to enable outward drying. However, the ideal range of
WRB permeances and exterior insulation is not well defined or understood.

Currently, a range of cost-effective options exists for retrofitting the existing building stock, but
fall beyond the scope of this project. The addition of exterior insulating sheathing is frequently
cost prohibitive; however, removal of the cladding is a necessary step to access the sheathing.
Only select circumstances warrant the addition of exterior insulation: a degraded cladding that
requires replacement (whereby the addition of a nominal amount of exterior insulation results in
little additional cost), or a building owner who desires to significantly reduce the energy
consumption of the structure caused by low thermal resistance of the building enclosure. The
results from this research project may be equally applied to new construction with similar
parameters.
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1.2 Background

Extensive research has been conducted by others into the effects of inward driven vapor in wall
assemblies. Research has demonstrated that accumulation of moisture in interior finishes caused
by inward driven moisture may pose moisture durability problems with the wall assembly
(Wilson 1965, TenWolde and Mei 1985, Straube and Burnett 1995, Pressnail et al. 2003,
Dérome et al. 2010, Dérome and Saneinejad, 2010, Carmeliet and Dérome, 2012). It was found
that this phenomenon occurs in all climates (from hot and humid to cold and dry climates) and in
a range of different wall assemblies, all to varying degrees.

Many strategies have been provided by researchers in mitigating the effects of inward vapor
diffusion, such as ventilation behind the reservoir cladding or the use of vapor retarding WRB
membranes. However, the use of vapor retarding membranes may result in winter time
condensation problems in retrofit homes with permeable cavity insulation and no exterior
insulation. The cavity insulation results in decreased sheathing temperatures that may, depending
on the interior and exterior climates, cause the sheathing to reach temperatures below the interior
air dew point. While vapor diffusion may pose condensation problems, the most prominent
concern is due to air leakage condensation (Quirouette, 1985; CBD 5 A.J. Wilson, 1960; CBD 23
A.J. Wilson, 1961), which can carry more moisture than vapor diffusion.

Despite the extensive research on inward driven moisture caused by solar radiation, more
research is still needed. In this research effort. Building Science Corporation (BSC) investigated
the effects of using vapor-permeable insulating sheathing on existing buildings. Maintaining the
sheathing at higher temperatures will change the temperature dependent vapor permeability,
sorption isotherm, relative humidity (RH), and drying capacity. Similarly, a higher sheathing
temperature may also pose increased risk for biodegradation by being more amenable to mold
and rot growth, should sufficient moisture be available.

1.3 Relevance to Building America’s Goals

Overall, the goal of the U.S. Department of Energy's (DOE) Building America program is to
“reduce home energy use by 30%-50% (compared to 2009 energy codes for new homes and pre-
retrofit energy use for existing homes).” To this end, we conduct research to “develop market-
ready energy solutions that improve efficiency of new and existing homes in each U.S. climate
zone, while increasing comfort, safety, and durability.”

The addition of exterior insulation enables increased wall R-value more than would otherwise be
achievable in standard 2x4 in. or 2x6 in. stick frame construction. The addition of an extra 1.25
in. of continuous vapor-permeable exterior insulating sheathing can provide an additional R5 to a
wall assembly while significantly reducing the effects of thermal bridging. On a 2x4 in. at 16 in.
on center stick frame construction with R13 batt insulation, this results in a 30% energy
reduction of space conditioning site energy losses through the opaque wall assembly. Increasing
the thickness of the exterior insulation sheathing only increases the energy savings. Furthermore,
the addition of exterior insulation decreases the propensity for cold weather condensation
forming on the back of the structural wall sheathing, as well as providing superior insulation
performance by minimizing thermal bridging. These factors will reduce embodied energy
through improved durability and lifespan and greatly reduce energy use for space conditioning
for the life of the enclosure.

! http://www1.eere.energy.gov/buildings/building_america/program_goals.html

2
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The implementation of outboard insulation wall systems is easily included into any residential
building retrofits with only minor detailing required around wall penetrations and fenestration.
Used in conjunction with other recommended high-R-value systems (Straube and Smegal, 2009),
the use of permeable exterior insulating sheathing can significantly reduce the space conditioning
energy consumption of residential homes helping to meet the Building America goals of 30%-
50% energy use reduction.

1.4 Cost-Effectiveness

To ensure the cost-effectiveness of the retrofit proposals, a detailed BEopt analysis was
conducted. Each proposed wall assembly will be assigned a cost relative to standard
construction. These costs will be developed in partnership with BSC’s prototype and community
builders.

It is important to note that, should an exterior insulating strategy be adopted for a building
rehabilitation project, the incremental costs of adding a nominal thickness of exterior insulation
and application of a WRB with the desired vapor permeability will be very small, as the costs of
the cladding, sheathing, etc., already included as part of the building rehabilitation. However, if
the sole intent of the retrofit is to increase the overall wall R-value, then the associated costs of
the proposed retrofit will be significantly higher.

It cannot be ignored that an initially slightly more expensive system may have to be implemented
to save a significant amount of energy over the entire life of the structure, which will be much
longer than a standard mortgage. Research has shown that walls exceeding an R-value of 35 can
financially pay back during the life of the initial mortgage through energy savings while reducing
greenhouse gases (Grin, 2008). Because the building enclosure is designed to use less energy, the
energy and greenhouse gas emissions savings extend for the life of the building, not just the
duration of the initial mortgage or retrofit loan.

Improving the moisture tolerance and durability of an assembly will also add into the equation of
life cycle cost analysis, as decreases in expenditures will be required for repairs and remediation
caused by biodegradation. Furthermore, the longer the assembly lasts, the more energy it will use
over its lifetime and the more the initial energy efficiency savings will accrue. Proper detailing of
the assembly is also important to ensure that, over the life of the assembly as components require
replacement (such as windows and doors), the assembly easily allows these replacements
without risking damage.



U.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy

1.5 Tradeoffs and Other Benefits

The benefits of the use of properly detailed and installed vapor-permeable exterior insulation in
retrofit applications with vapor-permeable cavity insulation, as compared to a code wall, are as
follows:

= Higher R-value

= Lower space conditioning costs

= Enhanced durability and enclosure lifespan
= Increased airtightness

= Increased occupant comfort.

Each of these components are interconnected. The increased R-value and airtightness improve
energy efficiency and occupant comfort through reducing drafts and improving surface
temperatures. The added durability of the system reduces maintenance requirements, increases
the lifespan of the structure, and tolerance to the possible operating conditions within the home.

2 Experiment

2.1 Research Question
The following research questions were answered by this project.

1. What insulating sheathings are available for retrofit applications, what are their material
characteristics as they relate to thermal resistance and vapor permeance, and what kind of
cladding attachments can be used?

2. What are the characteristics of existing assemblies? (Note: we will characterize the two
most common assemblies that are likely to be retrofit in the cold and hot climate zones.)

What range of cladding types are common for existing assemblies?

4. What types of interior vapor control layers are common and what are the permeances of
these?

5. What is the airtightness of these assemblies?

6. What are the likely retrofit solutions and what guidelines should be established for the
airtightness, water control, thermal performance and vapor permeance?

7. What are the recommended solutions? (Note: we will identify how the functions of the
building enclosure (air control, etc.) are served by the retrofit layers)

2.2 Literature Review

In the literature, an ASHRAE Research Project RP-1235, The Nature, Significance, and Control
of Solar-Driven Water Vapor Diffusion in Wall Systems, by D. Dérome, A. Karagiozis, and J.
Carmeliet (2010) was found. In it, it synthesises results from small and large scale laboratory
testing, field testing, and computer simulations. The experimental testing was conducted by
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initially wetting the cladding material and then exposing it to cyclical heating cycles to simulate
the radiative heating from the sun. Sensors and scales were utilized to quantify the moisture
accumulation through the depth of the test walls. A total of 18 walls were tested, including
variations on the interior vapor control (either latex paint of vinyl wall coverings), as well as
difference in permeability of exterior WRBs.

Some of the key discoveries from this research project include that warm and mixed climates
pose a risk to vapor-permeable wall assemblies. Further, the occurrence of rain, followed by sun,
a liquid-absorbing cladding, and the presence of an air cavity, resulted in large inward vapor
flows.

Similar results were obtained by Wilson 1965, TenWolde and Mei 1985, Straube and Burnett
1995, Pressnail et al. 2003, Dérome et al. 2010, Dérome and Saneinejad, 2010, Carmeliet and
Dérome, 2012.

2.3 Technical Approach

A literature review was conducted to assess the relevant properties of moisture related concerns
of vapor-permeable insulations. Subsequently, hygrothermal modeling software was utilized to
evaluate the thermal and hygric properties of the proposed assemblies. The hygrothermal
modelling software chosen was WUFI 5, by the Fraunhofer Institute and Oak Ridge National
Laboratory. The modeling will be used to determine the most important properties of the wall
assembly and local climate, which dictate the tendency for inward and outward driven moisture
potentials..

Due to the focused scope of the research, only wall assemblies with reservoir claddings with
vapor-permeable cavity insulation (thus necessitating stick-frame construction) were simulated
and analysed. Unfortunately, this precludes other types of wall assemblies and does not properly
represent certain climate zones that favour alternative building structures, such as concrete block.

The goal of the simulations is to determine an optimal range of vapor permeances for the WRBs
and thickness of the vapor permeable exterior insulation such that moisture flows are controlled
and throttled to safe levels. Idealized materials (i.e. a WRB with vapor permeance of 1, 3, 5, 7,
etc), are utilized to obtain the range of optimal vapor permeances and comparable and readily
available products on the market are selected based on how closely they comply with the
suggested vapor permeance.

2.3.1 Mechanisms of Moisture Damage and Relevant Forces

The concerns related to vapor-permeable wall assemblies with moisture sensitive material are the
inward and outward flows of moisture, primarily by vapor diffusion and convection. Inward
driven moisture is a result of precipitation being stored in the cladding and water vapor pressure
differentials, created by high temperature differentials, being forced into the wall. The equation
defining the vapor flow rate is shown in Equation 1 (Carmeliet & Dérome, 2012).
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where,

gy = vapor flow rate [kg-m?-s™]

& = vapor diffusion coefficient [kg-Pa™-m™-s]
T=temperature [K]

pv=vapor pressure [Pa]

pv,sat=saturated vapor pressure [Pa]

©= pv/pv,sat(T), relative humidity

This equation is a modified form of Fick’s Law that describes isothermal vapor flows with RH
and temperature as the driving force. The first term defines the flow caused by difference in RH,
and the second term defines the flow caused by temperature gradients.

Various components of the wall assembly restrict the vapor flows. Predominantly, this restriction
of flow is created by the WRB or the structural sheathing (OSB or plywood). Some wall
assemblies also feature polyethylene sheet immediately on the exterior of the interior gypsum
wall board (GWB), which inhibits the ingress of the moisture into the conditioned space.
Depending on the vapor permeance of the WRB, outward moisture flows may also create a
moisture risk to the wall assembly. Structural sheathing below the dew point may result in the
formation of condensation from vapor diffusion or air leakage. The use of exterior insulating
sheathing increases the sheathing temperature and may result in sheathing temperatures above
the dewpoint of the interstitial air, which reduces condensation risk.

The factors that affect moisture flows through wall assemblies, in approximate order of
magnitude as discovered through the simulations contained within this report, are:

e Climate

e Micro-climate

e Presence and thickness of exterior insulation

e Vapor permeance of the WRB

e Other factors, including interior RH, material resistance to moisture decay, etc.

Climate and Microclimate

The climate and microclimate, that is, the climate immediately adjacent to the wall surface,
generate the exterior conditions of the wall assembly. Climates with high moisture loading and
significant solar radiation pose a greater moisture damage threat to wall assemblies. Contrarily,
wall assemblies located in dry climates with very little precipitation are much less likely to
experience moisture decay. The microclimate also significantly modifies the wall’s
environmental exposure. Areas that are protected from precipitation by items such as large
overhangs, or are not exposed to solar radiation, are less likely to experience inward driven
moisture.
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The climate and microclimate are controlled by the location of the modeled city, the rain
adherence, exposure, and deposition factors, the surface transfer coefficient, and orientation.

Exterior Insulation and Vapor Permeance of the WRB

The next factors that affect the moisture tolerance of wall assemblies are the presence of exterior
insulation and the vapor permeance of the WRB. The presence of exterior insulation alters the
surface temperatures of subsequent inboard wall layers. Higher temperatures result in higher
Gibbs energy and, as demonstrated through the Arrhenius equation, result in a high capacity for
drying. The vapor permeability of the WRB restricts moisture flows into the material.

Other Factors

The interior RH affects the MC of the sheathing predominantly during the heating season in cold
climates. The colder exterior portions of wall assemblies result in lower saturated vapor
pressures and thus a higher propensity for condensation. The higher the interior RH, the higher
the potential moisture flow, and thus results in higher quantities of condensate. The material
resistance to moisture decay is also an important factor, but is not as predominant as those
previously listed. A wood substrate is more tolerant to moisture decay than the paper face of
GWB. A glass-faced GWB is even more tolerant to moisture decay than wood. Depending on the
substrates, mold and rot may not be as relevant. However, for the purposes of this report, the
predominant substrates are either plywood, OSB, or paper-faced GWB.

2.3.2 Hygrothermal Simulations

The hygrothermal numerical program chosen to analyse the moisture flows in the wall
assemblies was WUFI 5, by the Fraunhofer Institute for Building Physics and Oak Ridge
National Laboratories. Current moisture flow theory has difficulty in properly describing for the
inhomogeneity, temperature and moisture-dependant properties, and anisotropic properties of
building materials. However, WUFI was programed with the underlying equations being
calibrated and based upon macroscopic empirical behaviour of organic and inorganic materials
(Kinzel, 1995). This precludes the detailed testing required to generate topological material
properties (e.g. pore size distribution, frequency of checks and cracks, etc.). The accuracy of the
WUFI simulations have been verified by the Fraunhofer Institut Bauphysik in Holzkirche,
Germany, against numerous full-scale field studies of enclosures over a number of years.

WUFI possess the capacity to properly account for water vapor adsorption and the
absorption/redistribution of liquid water. The simulation is run for a given period, with the most
common time step being one hour, considering the effects of sun, rain, temperature, and
humidity. The quality of the results is extremely dependant on the quality and accuracy of the
input material and condition data.

2.3.2.1 Metric for Analysis

Great difficulty occurs in determining the moisture durability of building materials. The MC to
decay mechanism response is not well categorized and defined. WUFI isopleths provide insight
into the propensity for biological growth but are based on agar substrates, not the various
materials used in the building wall assemblies. The ASHRAE 160-09 criteria are particularly
stringent and do not necessarily represent realistic interior RH. Based on the provided equations
on determining indoor RH (ASHRAE 160-09), Criterion 1 failures (see Table 1) occur on the
interior surface of the GWB due to elevated humidity during summer months in warm and humid
climates.
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To restrict concerns over moisture failure criteria, a relative comparison is utilized instead. This
eliminates concerns over the absolute accuracy of the wall assembly and is better suited to
compare the moisture performance of the different wall assemblies. This approach is preferred as
this is a comparative study of the effects of different vapor permeances and insulation levels of
wall assemblies.

The MC of a thin slice (4mm) of the OSB on the interior and exterior faces is obtained from the
simulations on an hourly basis. Only data from the second year of modelling, after verifying that
first year effects were negligible, is analyzed, to minimize the effects of construction moisture. A
thin slice moderates the surface MC such that the averaging function of the software does not
artificially reduce the actual MC with the dryer core. To compare the results, the number of
hours occurring between 5°C (41°F) to 40°C (104°F) at MC above 28% for wood substrates are
calculated. Similar calculations are made for MCs above 24% and 20%. However, for GWB, due
to the sensitivity of the paper facers, the ASHRAE 160 criteria will be utilized (less than 80%
RH over 30 days).

The failure criteria according to ASHRAE 160-09 are listed in Table 1.

Table 1. ASHRAE 160 Failure Criteria.

Criteria Description
Criterion 1 | 30-day running average surface RH <80%
when the 30-day running average surface
temperature is between 5°C (41°F) and 40°C
(104°F)
Criterion 2 | 7-day running average surface RH <98% when
the 7-day running average surface temperature
is between 5°C (41°F) and 40°C (104°F)
Criterion 3 | 24-h r