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EXECUTIVE
SUMMARY

This project investigated the use of an
aerosol-based sealing method to reduce
air leakage of new homes in the United
States. The process involves pressurizing
the building while dispersing an aerosol
sealant “fog” to the building interior. As
air escapes the building through leaks

in the envelope, the sealant particles are
carried to the leaks where they make
contact and stick, sealing the leaks. A

standard blower door and connected

laptop are used to facilitate the sealing

process and to provide real-time feedback
and a permanent record of the sealing.
The technology is thus capable of
simultaneously measuring, locating, and

sealing leaks in a building automatically.

The project team worked directly with
builders to identify the best stages for
incorporating aerosol sealing from

the perspectives of cost, performance,
and seamless integration into the
construction process. A total of eight
builders in Minnesota and California
participated in the research, providing

homes for testing and feedback on

appropriate stages of construction to

viii

apply the sealing. The cost of the aerosol
sealing and resulting house tightness were
compared to a similar group of houses that
used conventional sealing methods. Aerosol
sealing produced tighter houses overall.
Researchers also evaluated conventional
sealing methods to determine whether they
can be eliminated or reduced to improve

cost-effectiveness.

Methodology

The project team used a stepwise, iterative
approach to develop and refine aerosol
envelope sealing guidelines. This approach
allowed experience from sealing each
builder’s initial set of houses to inform
and refine sealing methods for their second

set of houses, as shown in Figure 1.

Visual inspections of the homes showed

an overall high quality of sealing work.
Several locations were identified as

being appropriate to seal with the aerosol
approach. Although aerosol sealing can seal
leaks that have a width of up to 0.5 in., the
method is most effective and efficient at
sealing narrower, distributed leaks of 0.25
in. or less. With aerosol sealing, hundreds
of linear feet of these narrow leaks can all be
sealed simultaneously, reducing the amount
of time needed for manual inspection

and sealing.

Results

Aerosol sealing was performed on 11 homes
in California and 15 homes in Minnesota.
The sealing was very effective at sealing

air leaks in the homes. Many of the



A: House Leakage B: Develop Sealing C: Perform Aerosol D: Refine Sealing
Assessment Option(s) Sealing Options

Review existing sealing Meet with builder to Seal at least two homes  Refine most promising
practices review options under each option option

Aerosol sealing Pick one to two Evaluate impact relative
demonstration promising approaches to baseline
(if needed)

Figure 1. Iterative approach to evaluating aerosol sealing options

demonstrations resulted in a tightness below 1.0 ACHs, which is well
below the California Energy Code target of 5.0 ACHs, and Minnesota
Energy Code requirement of 3.0 ACHs,. Furthermore, the low air leakage
was often achieved at an early stage of construction before much of the
manual sealing was performed. This project demonstrated the ability to
seal homes at various stages of construction, including before or after

drywall is installed.

California Homes

In California, the aerosol sealing demonstrations were split into two
categories: homes with unvented attics and homes with vented attics.

The unvented attic demonstrations looked at the performance of aerosol
sealing when applied in conjunction with both open-cell spray foam
insulation at the roof deck as well as with cellulose insulation at the roof
deck. In both cases, the homes were sealed before wall insulation and
drywall was installed and after all of the exterior penetrations were made.
Results showed that the aerosol sealing did a better job of air sealing the
homes, allowing the builder to choose lower-cost insulation products.
The combination of open-cell spray foam and aerosol sealing resulted in
tighter homes overall compared to homes insulated with cellulose. The
homes with spray foam achieved leakage rates of 1.1 ACHs, compared
to 2.6 ACHj;, for the homes with cellulose; however, challenges with
integrating the aerosol sealing process due to the cellulose-insulated
homes’ design differences contributed to the higher leakage rates. The
control homes that were not sealed with aerosols showed higher leakage
rates for the homes using cellulose, with an average leakage of 5.1 ACHj,

compared to 1.8 ACHjs for the homes with open-cell foam.

E: Perform Aerosol
Sealing

Seal 2+ homes using
refined option

F: Evaluate Results

Measure final leakage
numbers

Compare results
between different
approaches




The vented attic demonstrations in California were performed after drywall
was installed and taped, because that is when the air barrier is in place.

The aerosol sealing process was very effective at this stage of construction,
sealing more than 70% of the envelope
air leakage. The homes sealed with
aerosols were 33% tighter (3.1 ACHs)
than the control homes (4.6 ACHs).
There were significant increases in

the measured leakage from the test
conducted after the aerosol sealing

was complete to the test at the end of
construction. The vented attic homes
showed significant increases in leakage
after the aerosol sealing installation.
Several leak sites were taped over and
unsealed by aerosol sealing material,
including fire sprinklers and exhaust
ventilation systems. Fire sprinklers are

required in homes built in California,

and air leakage measurements were

taken on a small sample of sprinklers in
the homes, showing an average air leakage of around 10 cfms, each. These
sprinklers had to be taped over during the aerosol sealing installation to
prevent damage and maintain functionality of the equipment. Considering
that homes can have more than 10 sprinklers, this results in 100 cfms, of
leakage to the attic that cannot be sealed. For homes with unvented attics,
the air barrier is at the roof deck, above the sprinklers, so the air leakage of
sprinklers to the attic does not affect the overall leakage rate. Leakage was
found through the backdraft dampers in the exhaust systems, with 200-300
cfms, of leakage. These leaks accounted for a significant fraction of the
increase in leakage measured and cannot be sealed by design; rather, better-
designed ventilation and sprinkler systems are needed to accommodate

tighter homes.

Minnesota Homes

The homes sealed in Minnesota all had vented attics, but a strategy was

developed for aerosol sealing the homes before insulation and drywall.



The builder’s standard practice is to install reinforced polyethylene
(poly) sheets on the second-floor ceiling to complete the house’s air
barrier and allow pressurization for the aerosol sealing to be performed.
The poly installation was at a slightly different stage of construction
than occurs normally, and for some houses required an additional visit
to the house by the insulation contractor. Prior to the aerosol sealing,
spray foam was applied at the rim joists and can foam was used to seal
around windows and attic
penetrations. The California
builders do not install poly
sheets on the interior, so this
was not an option for the vented
attic homes without incurring
additional costs. Additionally,

some sealing demonstrations in

aerosol

Minnesota residences occurred SpIer
after drywall toward the end

of construction.

The first builder was a large, national builder with multiple developments
in the Minneapolis-St. Paul metropolitan area. Seven houses were sealed,
all before drywall was installed and after reinforced poly was installed

at the second-floor ceiling. This builder had already been achieving

high levels of air sealing, with the initial assessment showing leakage of
1.2-1.5 ACHys, so the goal was to find opportunities to reduce the costs
of conventional sealing work. Several features or products were identified
as possible to eliminate from the conventional sealing process. Two of
the homes had wall insulation installed prior to the aerosol installation,
which significantly reduced the effectiveness of the sealing process

and increased the injection time. For the houses without wall insulation
present, the aerosol sealing reduced leakage by 80%, and the houses
ended up 70% tighter than the 3.0 ACH;, code requirement.

The second builder was a midsize residential builder with multiple
developments in the Minneapolis-St. Paul metropolitan area. This builder

already had a high quality of air sealing with four of their homes, with
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manual sealing testing of 0.9-2.0 ACHjs during the
initial assessment. Four homes were sealed for this
builder, including one demonstration. The sealing
demonstration performed at the end of construction was
extremely successful. The house leakage was reduced
from 0.7 ACH;q to 0.35 ACHjs. The remaining three
homes were sealed at a similar stage of construction as
the first builder, before drywall was installed and after
reinforced poly was placed at the second-floor ceiling.
The aerosol sealing successfully reduced the house
leakage by more than 70%. The end-of-construction
testing for four of the homes showed an average air
leakage of 0.8 ACHjs, compared to 1.4 ACHjs, for the

control homes that were not sealed with aerosol.

The project also included homes for four additional
builders that had a type of construction or an air sealing
approach that was used somewhat often in Minnesota
that had not already been included in the houses of the

first two builders. This included houses with slab-

on-grade foundations, flat roofs, and spray foam wall
insulation. The sealing was successful in each of these
cases, sealing nearly 80% of the leakage and achieving an average leakage
of 0.8 ACHs at the end of construction.

Builder Interviews

The builders who participated in this study were interviewed after
completion of the project to get their feedback on the advantages

and disadvantages of aerosol sealing and how they could see it being
incorporated into the construction process. The builders in Minnesota
generally saw the value of the aerosol sealing service to get their homes
well below code. Additionally, they identified sealing processes and
materials that could potentially be removed when applying aerosol sealing,
but they were hesitant to change their construction methods for a small
number of their production houses. The primary concern was around vapor
intrusion, which has been mitigated in part by using poly wrap on the

interior of the home. Removing poly wrap was one suggestion, but one
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builder mentioned that they already deal with a number of warranty issues
that include moisture intrusion and would be concerned about removing

that product.

The California builders had a very different perspective, considering that
the California Building Energy Efficiency Standards do not require a
specific level of measured air leakage. Instead, there is a process through
which the state inspects air sealing processes in the home, and based on
that process it is assumed that the builders achieve 5.0 ACHjs, for their
homes. There are performance credits
and utility incentives for verifying

that their homes are getting below 5.0
ACHs; however, the builders perceived
that these benefits did not justify the
additional cost of air sealing. If the
models used to evaluate the performance
of'a home design associated more
energy savings to building envelope
sealing, then there could be cost-
effective tradeoffs that builders could
use to justify the additional cost (i.e.,
downsized heating, ventilating, and air-

conditioning [HVAC] equipment).

Energy Savings

Energy savings from air sealing homes

in the United States is highly dependent on climate zone. The project
team performed a BEopt™ analysis that looked at the impact on heating
and cooling energy use when sealing a 2,400-ft> home in 16 U.S. climate
zones. The results showed that colder climates had the highest source of
energy savings, with 18% total savings in Fairbanks, Alaska (climate zone
8), when sealing the home from the B10 Benchmark of 7.0 ACHs to 2.0
ACHjs,. Climate zones 4A, 5A, 5B, 6A, 6B, and 7 achieved total energy
savings of 10% or higher in the same scenario, whereas the remaining
climate zones saved 1%—-8%. The savings ranged from 1%—-10% when
sealing homes from 5.0 ACHjs, to 2.0 ACHj,.
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The primary driver for energy savings is reduced heating energy use in
the homes, which is why colder climates show a higher percentage of
savings. Cooling energy use for climate zones 3B-CA, 3C, 4C, 5B, 6B,

7, and 8 went up due to the reduced infiltration during periods when the
air temperature outside was cooler than inside during the
cooling season; however, the relative amount of energy used
for cooling was small compared to that for heating. Only one
climate zone (3B-CA) showed an increase in total electricity
energy use for the home. Opening the windows in the cooling
season at times when the outdoor air is cooler than inside

would minimize or eliminate increased cooling energy use.

Conclusions and Recommendations

Aerosol envelope sealing was very effective at sealing air
leaks in new homes. Many of the demonstrations resulted in a
tightness below 1.0 ACHs, which is well below the California
and Minnesota Energy Code requirements of 5.0 ACHs,

and 3.0 ACHj, respectively. The technology demonstrated
versatility in sealing homes at various stages of construction,
including before and after drywall is installed. Even with
changes to installation protocols, the process consistently
reduced envelope leakage by 70% or more when evaluating

the leakage before and after sealing.

The aerosol envelope sealing process produced tighter homes
and demonstrated a potential opportunity for cost savings in
the construction process. A review of the standard air sealing
efforts performed by U.S. builders shows several areas where
efforts can be reduced or eliminated by applying aerosol
sealing. By reducing other sealing work, builders can: (1)
minimize material used for sealing a building, because aerosol
sealing only applies material where leaks are present; (2)
reduce the possibility of redundant sealing (e.g., sealing on
both external and internal wall surfaces) while ensuring a

continuous air barrier is applied; and (3) reduce the number

of trades involved in the air sealing process so that the

responsibility for creating a successful air barrier is clearly
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defined; fewer trades need to be trained and supervised; and less time is

wasted sealing leaks that do not impact envelope leakage.

This research has demonstrated that builders can use the aerosol sealing
technology to meet their air leakage targets without requiring close
attention to detailed air sealing work. The technology seals smaller,
distributed leaks in a home very efficiently, and these leaks are harder to
address with conventional sealing techniques. Builders still have concerns
about cost and a hesitancy to reduce current sealing efforts, but the ability
for the aerosol sealing process to meet even the most stringent leakage
targets gives builders the confidence that their air leakage goals can be
met without fundamental changes to their regular construction practices.
As codes become more stringent, it is expected that builders will be more
likely to adopt the aerosol sealing technology as a cost-effective tool for

meeting future air leakage goals.
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Aerosol Envelope Sealing of New Residences

1 Introduction

In many parts of the United States, house envelopes are notoriously leaky with unintended flows
between conditioned and unconditioned spaces that result in additional space heating and cooling
equipment loads. Although voluntary codes and standards for envelope tightness have existed for
decades, only recently have these codes included mandatory envelope leakage requirements with
verification by performance testing. Builders now need to integrate envelope sealing into their
construction process. Current state-of-the-art methods for envelope air sealing rely on contractor
personnel to manually seal typical leakage locations. The achieved airtightness levels can be
highly variable and are based on the time allotted, accessibility of leaks, as well as the vigilance
and experience of the contractor who performs the work. Although mid-construction leakage
testing and diagnostics can help identify air barrier deficiencies earlier in the construction
process, it is common for airtightness verification to be performed by a different contractor after
the sealing and after the construction is mostly or entirely complete. This provides limited
opportunity for feedback on the effectiveness of the air sealing, making it difficult for the sealing
contractor to ensure that a specific level of leakage has been achieved. If the house leakage is
greater than acceptable, additional sealing at later stages of construction is more expensive and
may not be possible or effective.

The aerosol envelope sealing technology developed by the Western Cooling Efficiency Center
(WCEC) at UC Davis uses an automated method to satisfy the envelope sealing requirement.
The process involves pressurizing the building using a standard blower door for an hour or two
while multiple spray nozzles are used to disperse an aerosol sealant “fog” to the building interior.
As air escapes the building through leaks in the envelope, the sealant particles are carried to the
leaks where they impact and stick, sealing the leaks. The blower door is used to facilitate the
sealing process, and provide real-time feedback and a permanent record of the sealing. The
technology is thus capable of simultaneously measuring, locating, and sealing leaks in a building.

At the start of this project, the WCEC technology was in the early stages of commercialization.
The project team worked directly with builders to identify the best stages for incorporating
aerosol sealing, from the perspectives of cost, performance, and seamless integration into the
construction process. In addition to producing tighter houses, conventional sealing methods were
evaluated to determine whether they could be eliminated or reduced to further improve cost-
effectiveness. A stepwise, iterative process was used with multiple builders, so that lessons
learned from the first houses could be applied to later ones. The ultimate outcome of this project
was to provide builders with procedures to easily integrate the aerosol sealing technique into
standard construction practices. This will economically produce more consistent sealing
performance and improved house airtightness to reliably meet stringent air leakage requirements.
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2 Background

The residential sector is responsible for about 23% of energy use in the United States, and 43%
of that is due to heating and cooling (DOE 2014). For homes, 29% of space conditioning use is
due to air infiltration—which means that about 12% of total use, or 2.85 quads, is due to air
infiltration (DOE 2014). In many parts of the United States, this unintended air infiltration results
in excess space heating and cooling equipment energy consumption. For example, the 135,000
U.S. homes in Lawrence Berkeley National Laboratory’s Residential Leakage Database (ResDB)
had a geometric mean leakage of 11 air changes per hour at a pressure difference of 50 pascals
(ACHso) (Chan et al. 2013).

Although voluntary standards for measured envelope tightness have existed for decades, these
have only recently become a code requirement in some states, and tightness requirements are
typically moderate. The 2009 version of the International Energy Conservation Code (ICC 2009)
included an option for measured envelope air leakage testing less than 7.0 ACHso. The 2012
version changed to a mandatory testing requirement with leakage less than 3.0 or 5.0 ACHso
depending on climate zone. A 2015 Department of Energy (DOE) six-state residential energy
code study (DOE 2015) reported that for the five states with a code tightness requirement of 5.0
or 7.0 ACHso, the state level compliance ranged from 70% to 97% (see Figure 2). For five states
combined, there was a relatively high compliance rate of 87%. For the state of Maryland, which
had recently implemented a lower requirement of 3.0 ACHso, the compliance rate was only
48%—almost a third of the houses exceeded the code requirement by 50% or more (i.e., 4.5
ACHso), and none of the houses had a leakage less than 1.9 ACHso (Figure 3). In addition, only
10% of the houses in the six states would have met the DOE Zero Energy Ready tightness
requirement of 1.5 to 3.0 ACHso (DOE 2019).

The results suggest that although mainstream contractors can achieve 5.0 or 7.0 ACHso, they are
often not able to seal houses to a required tightness level of 3.0 ACHso, and that there is
significant potential for tighter new houses with better sealing methods. Custom homebuilders
can meet the Passive House standard of 0.6 ACHjso, but this typically requires comprehensive
sealing methods and quality control that could be achieved more easily with aerosol sealing.
Aerosol sealing has the potential produce tight homes with reduced labor and material costs
compared to conventional sealing, in addition to reducing contractor training and quality control
for assuring that target house tightness values are achieved. This would reduce the need for
skilled or experienced labor.

! The requirement is 3 in climate zones 1 and 2, 2.5 in zones 3 and 4, 2 in zones 5 to 7, and 1.5 in zone 8.




Aerosol Envelope Sealing of New Residences

_ Kenbucky : Il _ Marytand |
Average = 5.6 ACHso i Nn=66 | 39 5 n= 63
Compliance = 70% | 48% 5

: g [ o . s
N N o
¥ Wy A e i & : i g T
O 1 2 3 4 5 € 7 € 5 10 0 1 3 3 4 6 & 7 & 0 10
Alabama HNorth Carching |
59 i Nn=65 || 54 : n= &7
92% 88% : Climate
N . : SO .2
s . :' " .. -"‘. - 3
ut s B T B o8 Rl -4
L T T *ea ¥ -
g 1 2 3 4 5 & 7 8 8 10 0 1 2 2 4 5 & 7 8 0 10
43 | [PST0 T laz n= 65
93% ; 97%
T T r‘ a T l. - T T ’ -i T T T T T T T ‘1 -l T t T T T
EEEE 7 6 7 8 9 10

8 8 10 0 1 2 3
Envelope Tightness (ACHS50)

Figure 2. Measured envelope leakage of new homes in six states; the red dashed lines indicate the code
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Source: Building Energy Codes Program, Single Family Residential Energy Code Field Study, DOE 2015
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Figure 3. Distribution of envelope leakage of new homes in Maryland

Source: Building Energy Codes Program, Single Family Residential Energy Code Field Study, DOE 2015

2.1 Development of the Aerosol Envelope Sealing Method

Aerosol sealing has been used successfully for residential duct sealing for more than 15 years,
where it has been shown to seal duct leaks with a width of up to 5/8 in. (Modera et al. 1996).
This technology was adapted by the WCEC for sealing leaks in the building envelope. The
process involves pressurizing the building while dispersing an aerosol sealant “fog” to the
building interior (see Figure 4). As air escapes the building through leaks in the envelope, the
sealant particles are carried to the leaks where they make contact and stick, sealing the leaks. The
sealant particles require an impact to adhere to a surface, so sealant material does not deposit on
walls or ceilings except for at leak sites; sealant will settle onto horizontal surfaces due to
gravity, so to avoid unwanted deposition these surfaces should be covered. Initial proof-of-
concept testing of the aerosol sealing process showed excellent results, sealing 40 in.? of leakage
in a small-scale enclosure in less than 10 minutes (Harrington and Modera 2012).
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I

pump + air aerosol
sealant sprayer

Figure 4. The progression of the sealing process from the start (left) to the end (right)

When the process is applied to envelopes, all openings not intended to be sealed are blocked with
tape or plastic (e.g., exhaust ducts, gaps around doors, and open plumbing connections).
Depending on the condition of the house during application, horizontal surfaces such as floors
and countertops may need to be covered with plastic to protect them from sealant that settles
during the process. There is usually no noticeable deposition on vertical surfaces or on the
underside of horizontal surfaces. A standard blower door fan is used to pressurize the house, and
provides real-time feedback and a permanent record of the sealing that occurred.

The sealant used for this project is a diluted version of a synthetic acrylic elastomeric material
used as a spray or roll-on exterior air barrier. The sealant is GREENGUARD Gold Certified,
meaning that it meets the strict certification criteria required for use in California schools and
healthcare facilities. The sealant is tested according to various ASTM standards; however,
because the sealant is atomized, the contractor should wear appropriate personal protective
equipment and avoid entering the building during installation if possible. If entering the building
is necessary, the contractor should wear a fitted respirator to prevent breathing the aerosol. No
one else should be in the building during the sealing. When the installation is complete, the
remaining aerosol is flushed out of the home by continuing to pressurize the space for several
minutes after stopping the sealant injection.

Subsequent field demonstration projects showed the viability of the technology in larger spaces
and practical application in real buildings. Because this project focused on new home
construction, the following sections describe two single-family field demonstrations. However,
there have also been demonstrations of the technology for multifamily applications (Bohac et al.
2016; Maxwell et al. 2015), showing the potential for larger-scale application of the technology
to different building types as well as modularity of the process for isolating individual
compartments within a building.
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2.1.1 Envelope Sealing of the Honda Smart Home

Several projects were completed during the development of the aerosol sealing method,
including work on the Honda Smart Home in Davis, California. The Honda Smart Home is a net
zero energy, two-story single-family home built to showcase some of the most advanced
strategies to reduce the carbon footprint of U.S. homes. WCEC worked with Honda Motor
Company to design the mechanical systems for the home and to demonstrate the aerosol
envelope sealing process to reduce building shell leakage for better ventilation control and lower
infiltration loads.

This building was initially sealed using standard methods, and the following photos show areas
where the aerosol sealant found and sealed leaks that had not been properly sealed with foam and
caulk. A demonstration of the aerosol envelope sealing process on the Honda Smart Home
achieved a reduction in building air leakage from 5.5 ACHso to 1.0 ACHso.? Photographs from
this installation, including examples of seals formed, are shown in Figure 5 and Figure 6. The
ultimate goal was to meet the very aggressive Passive House standard of 0.6 ACHso (Passive
House Institute 2016), which requires that the air barrier be applied to the external building
envelope.

Gt 'l
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Figure 5. Photos of the Honda Smart Home before aerosol envelope sealing application

2 These envelope sealing results have not been published.
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Figure 6. Photos of aerosol sealing installation on a single-family home, including examples of seals formed

The contractor was asked to use standard methods to seal leaks with a gap width greater than
0.25 in. (smallest dimension), because the time required to aerosol seal a leak has been shown to
increase with the square of the smallest dimension (length or width) of the leak (e.g., it takes four
times longer to seal a leak that is 0.5 in. across than to seal a leak that is 0.25 in. across). Figure 7
summarizes the results of the demonstration, highlighting the three discrete phases in the sealing
process. The first aerosol sealing application used an airless nozzle injection system with five
injection points and without any temperature/humidity control. This injection reduced the
building leakage from 4.2 ACHso to 2.6 ACHso. After the first application, three contractors
spent 24 person-hours attempting to further seal the building manually with expanding foam and
caulk, resulting in an almost negligible impact on the overall tightness of the building shell.
Finally, the aerosol envelope sealing process was applied again, this time using air-atomization
nozzles and temperature/humidity control. That process reduced the building leakage from 2.6
ACHso to 0.8 ACHso in about 4 hours of total injection time. In summary, the Honda Smart
Home demonstration revealed the advantage of using the aerosol envelope sealing process over
standard manual sealing methods. Relying on manual sealing to accomplish the level of
airtightness desired would have required a substantial amount of time and labor.
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Figure 7. Summary of results from the aerosol envelope sealing demonstration in the Honda Smart Home

This demonstration provided a superb comparison of the performance difference between airless
and air-atomization nozzles, as well as the impact of temperature/humidity control. Researchers
found that while the airless atomization nozzles created a uniform particle size distribution, the
air-atomization nozzles projected the aerosol with more initial momentum, allowing the aerosol
to better fill the building space and promote evaporation of water from the sealant particles.
However, the largest performance improvement resulted from controlling the relative humidity
within the space. This was accomplished during the air-atomization application by simply
heating the inlet air and controlling the liquid sealant flow rate. Evaporation of water contained
in the sealant mixture is critical to allow the particles to reach the proper size and to adhere to
leak sites.

In subsequent demonstrations, the performance of the air-atomization system significantly
improved as work was expanded to multiple injection points, compared to the single injector
nozzle that had to be moved around in the Honda Smart Home.

2.1.2 Production-Scale New Home Envelope Sealing

Another Building America-funded project was conducted to evaluate production-scale envelope
sealing of new single-family homes (Harrington and Springer 2015). Table 1 presents the house
leakage measurements performed pre- and post-aerosol sealing. The envelope leakage of the
houses was reduced by 62% to 85%, with an average of 74%. Because the process was applied at
a rough-in stage of new construction, it would be expected that a significant amount of the
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existing leakage would be sealed manually in later stages of construction, the exception being
duct leakage. The leakage data presented in Table 1 show the leakage measurement performed
with HVAC ducts blocked and large holes temporarily covered.

Table 1. Summary of Aerosol Envelope Sealing Results

Test # Pre-Sealing Post-Sealing Leakage Reduction

Leakage (ACHso) Leakage (ACHso) (%)

1 9.1 3.4 62%

2 13.7 5.0 63%

3 11.5 1.7 85%

4 8.5 1.8 79%

5 12.4 25 80%

6 13.2 3.2 76%
Average 11.4 2.5 74%

The time required for setup, sealing, and cleanup was closely tracked. Most of the installation
crew was the same for each installation. The process required an average of 11 person-hours to
complete (see Table 2). It is reasonable to assume that with experienced personnel and
commercialized equipment, the time required could be reduced to two people working 4 to 5
hours.
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Table 2. Summary of Time Required for Each Step in Sealing Process

Time Required (person-hrs)

Floor Area
Test # # Floors (ft2) Setup Sealing Cleanup
1 2 3,550 6.3 1.5 5.0 12.8
2 1 2,019 5.9 1.4 34 10.6
3 1 2,324 6.7 1.2 42 12.1
4 2 3,550 6.9 1.9* 4.0 12.8
5 1 2,324 3.5 1.4 1.9 6.8
6 1 2,324 46 1.3 34 9.3
Average 1.3 2,682 5.7 1.4 3.7 10.7

* The air compressor ran out of fuel, causing a pause in the sealing.

2.1.3 Aerosol Sealing Commercialization

Following the success of initial demonstrations of the aerosol sealing process, WCEC pursued a
licensing agreement with the sealing company Aeroseal. In 2014, UC Davis’s intellectual
property office marketed the process to look for companies interested in licensing the
technology. Aeroseal beat out several other entities based on their proposed business model for
the technology. The aerosol envelope sealing technology was officially licensed to Aeroseal
in 2016 and received the International Air-Conditioning, Heating, Refrigerating Expo
(known as AHR Expo) “Product of the Year” award. It also received the 2018 International
Builders” Show “Best in Show” and “Most Innovative Building Product” awards. The
technology is being commercialized under the name AeroBarrier. There are currently more
than 75 dealers in the United States and Canada.

2.2 Non-Energy Impacts

In addition to lower energy costs from reduced heating and cooling loads, a tighter house
envelope may have numerous other effects:

e The control of air movement with a tight assembly is necessary for proper moisture
control. High-R building envelope assemblies are commonly designed to withstand
moisture diffusion through the assembly. However, water vapor diffusion is often an
insignificant source of envelope moisture transport (Straube 2007). Moisture
condensation from winter exfiltrating air and summer infiltrating air through air leaks in
wall and other envelope cavities is one of the two major sources of moisture in above-
grade enclosures (rain is the other). In other words, “vapor is principally transported by
air flow not by vapor diffusion” (Lstiburek 2015). Aerosol sealing of envelope air leaks

10
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will reduce the convective movement of air and moisture through envelope cavities. This
will help assure that high-R enclosures perform as predicted, therefore improving wall
moisture control and reducing risks for long-term moisture damage.

e A tighter envelope reduces air infiltration, which can improve occupant comfort by
reducing drafts. Reducing infiltration can improve indoor air quality by reducing the
intrusion of outdoor air contaminants into the house. For example, Logue et al.’s (2012)
estimate of the health impact of indoor air pollutants found that particulate matter
(PM25), acrolein, and formaldehyde accounted for more than 80% of the health impact
(e.g., disability-adjusted life years lost), and that indoor PM3 5 is due to both indoor
sources and infiltration of outdoor PM2 5. Reducing outdoor PM: s infiltration and
improved filtration of indoor air can greatly reduce indoor PM» 5. However, air
infiltration can significantly reduce concentrations of pollutants that are predominantly
due to indoor sources when there is not sufficient mechanical ventilation. Mechanical
ventilation is required for the Minnesota and California houses in this study, and in
Minnesota the ventilation system must be balanced. This project did not monitor indoor
pollutant levels to evaluate the impact of house tightness and mechanical ventilation
system operation, as that was beyond the project scope.

e A tighter envelope can create greater house depressurization when exhaust fans and
appliances are operated. This can lead to combustion spillage issues for natural and
induced draft combustion appliances. However, builders are typically aware of this
concern and have not included natural or induced draft combustion appliances in
moderately tight or tighter houses. For example, power and direct vent combustion
appliances are now the norm for Minnesota new construction.

2.3 Envelope Air Leakage Requirements
2.3.1 International and Minnesota Energy Conservation Codes

The 2009 version of the International Energy Conservation Code (IECC 2009) was the first
version to include envelope air leakage testing. Air sealing details could be confirmed with
visual inspections or an air leakage test performed to confirm that the leakage is less than 7.0
ACHso. In 2012, the International Energy Conservation Code (IECC) changed the envelope
leakage test from being an option to a requirement (IECC 2012):

R402.4.1.2 Testing. The building or dwelling unit shall be tested and verified as having an air
leakage rate of not exceeding 5 air changes per hour in Climate Zones 1 and 2, and 3 air changes
per hour in Climate Zones 3 through 8. Testing shall be conducted with a blower door at a
pressure of 0.2 inches water gauge (50 Pa). Where required by the code official, testing shall be
conducted by an approved third party. A written report of the results of the test shall be signed by
the party conducting the test and provided to the code official. Testing shall be performed at any
time after creation of all penetrations of the building thermal envelope.

11
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The 2015 and 2018 versions (IECC 2015 and IECC 2018) of the testing and leakage requirement
is identical to 2012 version, except the phrase “with a blower door” is replaced with “in
accordance with ASTM E 779 or ASTM E 1827 and reported...”

A Minnesota state law was enacted in 1975 to require building design and construction standards
consistent with the most efficient use of energy (Minnesota Department of Labor and Industry
2017). In response, an energy code became effective on January 30, 1976, as part of the state
building code. In 1979, individual counties outside of the seven-county Minneapolis-St. Paul
area as well as incorporated cities with populations of less than 2,500 were given the option of
enforcing a statewide building code. Many elected to have no enforcement within their area.
Currently, enforcement occurs for about 80% of the population base. In 2015, Minnesota adopted
the 2012 version of the International Energy Conservation Code with state amendments. Section
R402.4.1.2 was adopted without amendments. Because Minnesota is in climate zones 6 and 7, all
new single-family houses must be tested for envelope leakage and have an air leakage rate no
greater than 3.0 ACHso.

A majority of the homes built in Minnesota are served by utilities that have residential new
construction energy efficiency programs. In general, the programs provide a tiered financial
incentive for high-efficiency houses based on a modeled comparison of the house’s annual
energy use vs. the use for the same house that only meets code-minimum requirements.
Reducing the envelope leakage to below the code-required level of 3.0 ACHso will make it more
likely that a house will qualify for the program and produce a higher incentive. For example, the
current Xcel Energy Efficient New Home Construction program provides incentives for houses
that exceed Minnesota’s energy code and baseline requirements by at least 10% (Xcel 2019). For
natural gas heated houses, the incentive starts at $250 and increases to $2,000 for houses with
total energy savings that are at least 35% above the baseline.

2.3.2 California Energy Code

California’s Title 24 building codes have been around for more than 40 years and reduce
building energy consumption in the state. The code is updated on a three-year cycle, with 2019
code going into effect in January 2020. Title 24 code has yet to require specific levels of air
leakage in new single-family homes. The default value used in the compliance modeling
software is 5.0 ACHso, and builders can earn additional energy credits by reducing leakage
below 5.0 ACHso. Although air leakage testing is not required for standard construction, air
leakage testing is required when claiming credits for reducing air leakage below the default
value. Additionally, California utilities offer incentives for builders achieving a high-
performance home. The California Advanced Home Program provides builders with up to
$1,950 in incentives for reducing energy use compared to the baseline model, with an additional
$100-$300 for reducing building air leakage.

12
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3 Objectives

Almost all previous new construction applications of aerosol sealing involved applying the
sealant after wall and ceiling drywall was installed and taped. Aerosol sealing had been used to
augment manual sealing methods used to create a tight envelope. This process resulted in limited
surface preparation, an air barrier at interior surfaces, and 60% to 90% improvements in
envelope tightness. This project was designed to address a number of questions to optimize the
application of aerosol sealing for the single-family new construction process:

e In what situations is it effective to perform aerosol sealing prior to drywall?
Performing the aerosol sealing while the interior surface of the exterior wall sheathing is
still exposed (i.e., before insulation and drywall is installed) creates an air barrier at the
sheathing. Because a large fraction of the seals will be encased in the wall cavity after the
drywall is installed, the seals will be well protected for the remainder of the construction
process. Seals encased in cavities may have greater long-term durability, but that was not
studied as part of this project.? In order to perform pre-drywall aerosol sealing, an air
barrier must be in place at the top of the house, and that may not occur until the ceiling
drywall is installed. That may require modifications to the builder’s construction process.
If this is feasible, there would be a trade-off between any negative impact on the
construction process and the benefit of the aerosol sealing occurring at the exterior wall
sheathing.

As noted previously, the two major sources of wall moisture are rain and condensation
from winter exfiltrating air and summer infiltrating air through air leaks (Straube 2007).
A tighter envelope will reduce the convective movement of air and moisture from the
inside to the outside (or vice versa) of the envelope regardless of whether the air barrier is
located at the exterior or interior portion of the envelope. However, air can move into and
out of a wall cavity from the same side of the cavity. Wind-washing occurs when outside
air enters one section of the wall and exits back to the outside through another due to
differences in wind-induced pressure at the different locations. An air barrier located at
the exterior portion of the envelope will help reduce wind-washing, which can be a
concern for air-conditioned residences in hot-humid climates.

Pre-drywall aerosol sealing is not the only approach that creates an air barrier at the
exterior portion of walls. Exterior air barriers can be created with sealed house wraps and
exterior sheathing sealed with joint tapes, liquid-applied membranes, or fully adhered
membranes. The drawback to exterior air barriers is that air can move into and out of
cavities from the inside of the house, leading to the potential of condensation occurring
on the exterior sheathing under cold ambient conditions. However, significant pressure

3 Long-term sealant durability is an important issue that was studied in a separate WCEC project (Modera and
Harrington 2018). That project measured the change in house leakage from the time the sealant is applied to the end
of the construction process.
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differences between envelope cavities and the house interior are only likely to occur
when cavities are used as ducts or leaky ducts are located in envelope cavities.

e In what situations is it effective to perform aerosol sealing after drywall? The
amount of construction work completed before aerosol sealing impacts sealing costs and
envelope tightness. Sealing immediately after drywall installation minimizes surface
preparation and clean-up times, but maintaining the achieved tightness requires manual
sealing of any additional penetrations to the air barrier or disturbances to the aerosol
seals. The additional penetrations can be due to additional electrical (e.g., recessed can
lights), HVAC (e.g., exhaust fans), or plumbing (e.g., shower fixtures) work. Completed
seals can be disturbed by numerous construction activities that come in contact with the
seals, including final wiring of devices in electric boxes and installing trim. Delaying the
aerosol sealing reduces manual sealing and increases the labor and material costs for
protecting any finished horizontal surfaces that are in place when the sealing is
performed. The optimal time for the aerosol sealing depends on the trade-off between
manual sealing and surface protection costs.

e What conventional sealing can be eliminated? Aerosol sealing is highly effective at
sealing narrow diffuse envelope leaks, producing tightness levels well below code
requirements. The cost-effectiveness of aerosol sealing can be improved by eliminating
conventional manual sealing methods, particularly those used to seal small gaps in air
barrier penetrations and joints between sections of air barriers. For example, minor leaks
that are sealed by caulk or foam are good candidates to be sealed by the aerosol method
when applied at the appropriate stage of construction. Spray foam insulation of rim joists
could potentially be replaced by aerosol sealing and less expensive batt insulation and
vapor retarder. The aerosol sealing would provide the air barrier, so the vapor retarder
would not need to be air sealed. Aerosol sealing has the potential to reduce labor and
material costs for conventional sealing, in addition to reducing contractor training and
quality control for assuring that code required tightness is achieved.

e Can aerosol sealing address “challenge” areas? Another opportunity is to examine
specific sections of the air barrier that are often a challenge (e.g., areas with numerous
penetrations, surfaces that do not intersect at right angles, and staircases or other framing
that interrupt the air barrier surface) to determine ways that the aerosol method can more
reliably and effectively seal those sections. Aerosol sealing of single-family new
construction houses has been performed on a limited sample of houses. Not all types of
challenge areas have been included in previous studies. This project performed aerosol
sealing on a greater variety of challenge areas.

e Can the aerosol sealing process be improved? Experience from aerosol envelope
sealing of the test houses in this project helped improve aerosol sealing protocols and
equipment. The process in place at the start of the project evolved with feedback from
additional field demonstrations. There had been recent, significant improvements to allow
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for automated control of each component. It was expected that automated variation of the
injection rate would more reliably produce the desired relative humidity of the inside air
while reducing technician oversight. Experience from test houses helped refine the
automation process and equipment. Feedback provided additional guidance on issues
such as injection nozzle placement and the maximum and minimum areas for each
nozzle. Finally, for many homes, aerosol sealing continued after the code required or
target leakage was achieved. When the sealing rate was above a specified level, the
sealing continued to determine the feasibility and cost-effectiveness of sealing beyond
code requirements.
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4 Methodology

This project provided the research needed to successfully integrate aerosol envelope sealing into
the home building process. The project team worked directly with builders to identify the best
stages for incorporating aerosol sealing, from the perspectives of net cost, performance, and ease
of integration into the construction process. The cost of the aerosol sealing and resulting house
tightness was documented for a sample of houses and compared to a similar group of houses
using conventional sealing methods. Conventional sealing methods were evaluated to determine
whether they could be eliminated or reduced to further improve cost-effectiveness while still
achieving the required house tightness. For typical builders, the tightness goal is the level
required by code—5.0 ACHs 1s the assumed building airtightness in California when following
the prescriptive sealing process, and 3.0 ACHs is the code requirement in Minnesota. These
were the target values for the two California builders and most of the Minnesota builders, but
two of the Minnesota builders had a target of 1.0 ACHso, and the project had a stretch goal of 0.6
ACHs5 for all of the Minnesota builders. The different levels of required tightness helped
identify the difference in sealing approaches (i.e., the extent of conventional sealing and quality
control) needed to achieve each level. The results should better inform sealing approaches
needed to achieve tightness levels required for high-performance houses.

4.1 House Selection Criteria

The objective was to work with national and local production home builders that use common
construction methods so that results would be applicable to a large percentage of new
construction houses. The number of houses sealed for this project was not expected to provide a
statistically representative sample to determine the distribution of house tightness for various
house types. Instead, the number of houses was expected to determine the feasibility of achieving
a tightness target for the aerosol sealing applied at a particular time of construction and
eliminating some conventional sealing. Standard air leakage test methods were used to
accurately measure pre/post changes in leakage. Systematic inspection procedures documented
the location and quality of the seal of individual envelope air leaks.

The project did not apply a rigid definition of “common construction,” but the team expected that
the houses would be site-built, wood-framed, cavity-insulated structures with conventional
sheathings, typical exterior water management (such as building paper or house wrap), and
interior air barrier and vapor retarder (such as poly or smart vapor retarder). Researchers wanted
the houses to include air sealing details that were well suited for aerosol sealing as well as
“challenge” areas where aerosol sealing may have a competitive price advantage over
conventional sealing. These areas could include rim joists that are being sealed with spray foam,
bump outs, cantilevers, tuck-under garages, and attached garages.
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The initial target was single-family detached houses. Houses with the following construction
types were not included:

1. Structural insulated panels

2. Exterior air barrier using self-adhered modified bituminous membrane sheets
3. Exterior air barrier using liquid-applied sealant

4. Exterior air barrier system using precast, site-cast or tilt-up concrete panel.

Builders selected for the project needed to have a sufficient number of houses under construction
that met the construction type requirements described above. The first builder in each state
needed to provide seven houses of similar construction that could be sealed within a 10-month
period and four control houses of similar type that would be constructed during the same period.
In order to provide scheduling flexibility, it was expected that the builder would be constructing
at least 40 to 60 houses per year. The second builder in each state could be a lower-volume
builder—they only needed to provide four houses to be sealed over 10 months and four control
houses. Each builder needed to be willing to provide sealing cost estimates and to eliminate some
sealing methods from their test houses. Researchers initially recruited builders who attended a
builder kick-off meeting and others who expressed interest in the aerosol envelope sealing
technology.

4.2 Technical Approach

The project team used a stepwise, iterative approach to develop and refine aerosol envelope
sealing guidelines. This approach allowed experience from an initial set of houses sealed for the
first builder to refine sealing methods for a second set of houses for the same builder. The work
was staged so that as the second set of houses was being completed for the first builder, the
planning started for an initial set of houses for the second builder. Parallel efforts were used for
two builders in California and two in Minnesota. The work in Minnesota was later expanded to
include an additional five builders to evaluate sealing methods for types of construction that were
not included with the first two builders.

The multistep process for each builder is shown in Figure 8 and described in more detail here:

1. Hold initial meeting and assess houses. The project team met with the builder to
discuss their typical manual air sealing practices and review the field work timeline.
The project team then performed air leakage assessments and tests on two or three
representative houses.* At least one of the houses was at the pre-drywall stage of
construction, after the insulation and air sealing had been completed. When feasible,
the second house was at the framing inspection stage to identify air leakage locations,
and the third house was close to occupancy. Additionally, the builder provided

4 Section 4.3 Envelope Leakage Assessment provides a description of the assessments.
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available air leakage test results for houses built within the past year that were in
close proximity and type to the houses used in the study.

2. Demonstrate aerosol sealing. Aerosol envelope sealing was demonstrated on one
house that was under construction. It was preferred that the demonstration house
would be at the same stage of construction as that for the first set of houses for the
builder. Appropriate builder representatives were on-site to observe the sealing
process and participate in the visual identification of remaining leakage after the
sealing was complete. The demonstration was not performed for builders that already
had experience with the aerosol envelope sealing process.

3. Develop options for aerosol sealing. Project team members met with builders to
review findings and identify sealing options. The options considered the findings
from the baseline leakage assessment, the initial feedback from the builder, and the
results from sealing work conducted on houses already sealed for the project. The
protocol considered the stage of construction during which the aerosol sealing was
applied and the conventional sealing that was eliminated. Although the sealing
options were specific to each builder, experience from one builder was applied to
improving the process for the others. Two sealing options were identified for the first
builder in each state, and one option was used for the other builders.

4. Perform aerosol sealing and evaluate impact. Each of the aerosol sealing options
was applied and evaluated. Assessments of the aerosol-sealed houses were performed
(1) prior to sealing, (2) immediately after sealing, and (3) after construction was
complete. An assessment was also conducted after construction was complete for
each control house that received conventional sealing. Sealing experience,
pre/post/finished assessments, and pre/post/finished leakage tests of aerosol and
conventionally sealed houses were summarized in a report for the builder’s houses.

5. Review results with builder and generate updated sealing option. An in-person
meeting was conducted with the builder to get feedback from the first set of houses
sealed. The project team and builder considered the advantages and disadvantages of
the sealing options. The sealing options were revised as necessary to establish an
updated approach.

6. Perform aerosol sealing and evaluate impact. The revised aerosol sealing options
were applied and evaluated. Similar to Step 4, assessments of the aerosol-sealed
houses were performed (1) prior to sealing, (2) immediately after sealing, and (3)
after construction is complete. An assessment was also conducted after construction
was complete for each control house that received conventional sealing. Sealing
experience, pre/post/finished assessments, and pre/post/finished leakage tests of
aerosol and conventionally sealed houses were summarized.

18



Aerosol Envelope Sealing of New Residences

7. Review results with builder. An end-of-project interview was conducted with each
builder to get their feedback about the aerosol envelope sealing process. The
objectives were to get the builder’s perceptions of the advantages and disadvantages
about the process as well as how they see it being incorporated into their construction
process. Project staff conducted the interviews using 12 open-ended questions to
initiate an informal discussion. The script and questions are included in Appendix A.

For the first builder in each state, four or five houses were sealed in Step 4 to accommodate two
different sealing options. The refined method for Step 6 was applied to two or three houses. It
was expected that the sealing options would be narrowed for the second builders in each state.
For those builders, one or two houses were sealed for Step 4 and another two or three for Step 6.
It was expected that at least 11 houses would be sealed in each state. Ultimately, the sealing
included 11 houses in California, 15 houses in Minnesota,” and one triplex in Illinois. The
experience from all the sealing was used to identify best sealing practices based on the type of
construction and builder’s air sealing goals.

A: House Leakage =H D.evelop Sealing G Pgrform Aerosol D: R.eflne Sealing E: Pe.rform Aerosol F: Evaluate Results
Assessment Option(s) Sealing Options Sealing

Review existing sealing Meet with builder to Seal at least two homes Refine most promising Seal 2+ homes using Measure final leakage
practices review options under each option option refined option numbers

Aerosol sealing Pick one to two Evaluate impact relative Compare results

between different

demonstration promising approaches to baseline approaches

(if needed)

Figure 8. Iterative approach to evaluate aerosol sealing options

4.3 Envelope Leakage Assessment

Short-term house assessments used quantitative and qualitative methods to evaluate envelope
leakage at three points in the construction process: (1) prior to aerosol sealing, (2) after aerosol
sealing, and (3) after construction is complete. In addition, staff worked with AeroBarrier to
estimate the cost of aerosol sealing and with the builders to determine avoided cost of
conventional sealing. No continuous monitoring was conducted for this project.

Every house envelope air leakage assessment included a quantitative whole-house envelope
leakage (e.g., blower door) test and qualitative visual assessment of leakage. When weather
conditions and house availability allowed, an infrared scan was used to assist with leakage
identification. Additionally, the leakage of individual spots or sections of the envelope was
measured by guarded leakage tests, or individual leakage site tests. These additional
measurements were conducted when conditions allowed, and there was significant value in the
more detailed information. The following subsections provide a description of the assessment
methods.

> The 15 houses in Minnesota included two demonstration houses.
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4.3.1 House Envelope Leakage Test

A whole-house envelope leakage test (i.e., blower door test) was the primary method for
quantifying house leakage. Almost all of the tests were conducted as a multipoint test in
accordance with either the RESNET 380 Procedure for Measuring Air Tightness of Building
Enclosure (RESNET/ICC 380 2016) or ASTM E 779-10 Standard Test Method for Determining
Air Leakage Rate by Fan Pressurization (2010).° All tests of California houses and end-of-
construction tests of Minnesota houses were conducted as depressurization tests, because a
depressurization test is most commonly used to measure house envelope leakage. The pre- and
post-aerosol sealing tests of Minnesota houses were conducted as pressurization tests to avoid
damaging the exposed poly sheets on the second floor ceilings.” The envelope leakage was
reported as the leakage rate at a pressure difference of 50 Pa (CFMso). The leakage was divided
by the house volume to generate a normalized house leakage in units of air changes per hour at
50 Pa (ACHso).

The house setup and test procedures were followed as specified in the test standards. However,
in some cases, the house mechanical and plumbing systems were not complete at the time of the
aerosol sealing. For the pre- and post-aerosol sealing tests it was necessary to temporarily seal
openings such as clothes dryer exhaust vents, heat recovery ventilator terminations and inlets not
connected to the system, exhaust fan ducts, supply ventilation ducts, and open plumbing waste
pipes without filled traps. Except for inlet and exhaust ducts without dampers of continuously
operating ventilation systems, the temporary seals in place at the time of the aerosol sealing were
not in place for the end-of-construction tests. Consequently, for each house the setup and type of
test (e.g., pressurization or depressurization) was always the same for the pre- and post-aerosol
sealing tests. There was no change in test procedure that biased the reduction in house leakage
due to aerosol sealing. However, the unsealed openings could have been a source of increased
leakage at the end-of-construction test, and for the Minnesota houses the switch from a
pressurization to depressurization test could have impacted the leakage measurement. All
baseline and depressurization or pressurization measurements were averaged over a period of at
least 15 seconds. Each multipoint leakage test typically included eight points for pressure
differences ranging from 20 to 60 Pa. The change in pressure between points was usually 10 Pa,
with 5 Pa differences for measurements closer to 50 Pa and a duplicate measurement at 50 Pa. A
common sequence was to record measurements at 20, 30, 40, 45, 50, 50, 55, and 60 Pa. The
baseline pressure difference was recorded before and after the fan-on points. The elevation,
inside air temperature, and outside air temperature were used to adjust the flow rates to standard
conditions. The multipoint analysis specified by ASTM E 779-10 for a power law relationship
was used to report the leakage flow rate at a pressure difference of 50 Pa.

® A single-point test at 50 Pa was used to measure pre-aerosol sealing leakage for half of the Minnesota houses. The
accuracy of the leakage at the start of the process was less important than the leakage after sealing and at the end of
construction.

7 There were two houses where the poly sheeting was covered by drywall, but a pressurization test was performed
for those houses so that the procedure was consistent for all Minnesota houses.

20



Aerosol Envelope Sealing of New Residences

The envelope leakage tests were conducted using two types of variable-speed calibrated test fans.
The larger fan (TEC Model 3 fan) has a capacity from approximately 300 to 6,300 cfm, and the
capacity of the smaller fan (TEC Duct Blaster) is approximately 10 to 1,500 cfm. The fans have
a manufacturer-specified accuracy of 3% of the flow rate. Pressure measurements were
performed using a two-channel digital micromanometer (TEC DG-1000 or DG-700) that was
calibrated in accordance with manufacturer guidelines and has a specified accuracy of the greater
of 0.15 Pa or 1.0% of the measurement.

4.3.2 Visual Inspection

The visual inspections qualitatively evaluated the tightness of the house air barrier. The
inspection included the use of a smoke puffer to help estimate the relative magnitude of the air
leakage. Researchers developed a checklist of common leakage sites to guide the inspection
process and provide structure to the results. The visual inspection checklist is based on the Air
Leakage section of the EPA ENERGY STAR® Rater Field Checklist (EPA ENERGY STAR
2015) and the 2015 IECC Table R402.4.1.1 Air Barrier and Insulation Installation Air Barrier
Criteria.

Table 3 shows the seven categories and 26 components that were included in the checklist. The
inspections provided information about the quality of sealing work (excellent, acceptable, poor,
no attempt), who performed the sealing, what material was used, and the potential for aerosol
sealing to replace traditional methods. A list of predefined responses was provided to reduce data
collection time and aide the interpretation, normalization, and reporting of results. Field staff
recorded notes and pictures of key sealing details. The results for one of the builders are included
in Table 3, and Appendix C includes the results for all of the builders.
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Category

Table 3. Visual Inspection Checklist: Categories and Components

Component

Who Does

Sealing?

Material Used for
Sealing?

Can
AeroBarrier
Replace?

Quality
of Seal
Work

Attic access panels Gasketed door Excellent
Drop down stairs N/A N/A N/A N/A
Whole-house fans N/A N/A N/A N/A
Gl Recegsed lighting N/A Gasketed fixture Yes Excellent
fixtures
Drop ceiling/soffit Insulation contractor CIOSG?OZ?:: spray Yes Excellent
Exterior walls Insulation contractor Gasket/OSB N/A Excellent
Sill plate Carpentry contractor Gasket/OSB Yes Acceptable
Top plate Insulation contractor Gasket Yes Acceptable
Walls Drywall to top plate Insulation contractor Gasket Yes Excellent
Interior partition wall to Carpentry contractor/ Solid blocking/
) . Yes Excellent
exterior wall Insulation contractor can foam
Knee walls Carpentry contractor 0SB N/A Excellent
Windows,
Skylights and Rough openings Insulation contractor Can foam Yes Excellent
Doors
Rim Joists Insulation contractor Open-cell spray foam Yes Excellent
. Can foam/
Ducts Insulation contractor No Excellent
open-cell spray foam
Flues Insulation contractor Can foam/ No Excellent
open-cell spray foam
Shafts Insulation contractor Can foam/ No Excellent
Shafts, open-cell spray foam
FEEIE S Plumbing Insulation contractor Can foam/ Yes Excellent
to open-cell spray foam
OB [ Pipin Insulation contractor Can foam/ Yes Excellent
Spaces ping open-cell spray foam
Wiring Insulation contractor Can foam/ Yes Excellent
open-cell spray foam
Exhaust fans Insulation contractor Can foam/ Yes Excellent
open-cell spray foam
Other N/A N/A N/A N/A
Garage Floor cavities aligned .
Separation with garage separation C_)arpen_try contractor/ Blocking/ No Excellent
insulation contractor open-cell spray foam
Walls walls
Shower/tub on exterior Carpentry contractor/ OSB/
- ) Yes Excellent
wall insulation contractor open-cell spray foam
Stair strlngvtl-:‘;ﬁ)n exterior N/A None Yes N/A
Fireplace on exterior wall N/A N/A N/A N/A
Other -
Electrical/low voltage . Can foam/
. Insulation contractor Yes Excellent
boxes on exterior walls open-cell spray foam
HVAC register boots that
penetrate building Insulation contractor Open-cell spray foam Yes N/A
thermal envelope
4.3.3 Individual Leakage Sites

The leakage of individual isolated sites located on a flat surface can be measured by placing an
airflow metering device over the area during a whole-house depressurization leakage test. This is
an accepted method to measure the leakage of a variety of sites, including plumbing penetrations,
duct penetrations, recessed light cans, and electric outlet boxes. A flow measurement device was
placed over the leakage site at the house interior (e.g., wall or ceiling surface) while a blower
door was used to depressurize the house to -50 Pa. Leakage flow rate measurements greater than
10 cfm were conducted with a TEC FlowBlaster airflow device, a powered flow hood that
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creates approximately zero pressure difference across the meter during the measurement.
Consequently, the measured flow rate is the flow through the leak at the induced envelope
pressure. A custom calibrated TEC Exhaust Fan Flow Meter was used for lower flow rates. An
orifice plate with multiple 1-in. diameter holes was placed over the standard opening. The
relationship between the pressure across the plate and the flow rate was determined for one and
multiple open holes. For the leakage measurement, a sufficient number of holes were opened to
minimize the pressure difference across the box while still providing a reasonably accurate
measurement.

4.3.4 Guarded Leakage Test of Triplex Units

A compartmentalization air leakage test measured the total (exterior and interior) air leakage of
the triplex units. The change in total leakage was the primary assessment to determine the impact
of the air sealing on envelope leakage of the unit. A TEC Duct Blaster was installed in the
hallway door of the unit being tested, and the adjoining units were opened to the hallway, which
in turn was opened to the outside (see Figure 9). A multipoint leakage test was conducted in
accordance with the RESNET 380 Procedure for Measuring Air Tightness of Building Enclosure
(RESNET/ICC 380 2016). All tests (e.g., pre-aerosol sealing, post-aerosol sealing, and end of
construction) were conducted as depressurization tests. The mechanical system penetrations
(e.g., clothes dryer vent, exhaust fans, heat recovery ventilator ducts, combustion air) were
configured according to RESNET 380. If an appliance or damper was not in place for the test,
the opening was temporarily sealed. The envelope leakage was reported as the leakage rate at a
pressure difference of 50 Pa (CFMs). The leakage was divided by the unit volume to generate a
normalized leakage in units of air changes per hour at 50 Pa (ACHso), and was divided by the
envelope surface area to generate a per area leakage (CFMso/ft?). The compartmentalization test
does not distinguish between the exterior and interior leakage.

ap=s50pa ¥ I [-|-|+
A L/ L/

Rl arcl

Figure 9. Test equipment configuration for a compartmentalization leakage test.

Figure from Paul Morin, TEC
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A guarded air leakage test measured the air leakage through the exterior portion of the envelope.
The diagram in Figure 10 shows the building and test equipment setup for conducting a guarded
test of an individual unit (top/center) using additional fans located in a main entry. To measure
the exterior leakage of the test unit, the main entry fans are operated to depressurize the whole
building by 50 Pa. Except for the test unit, the hallway doors to all of the units are opened so that
the building acts as a single zone. A blower door fan is located in the hallway door of the test
unit. That fan is operated to maintain a zero pressure difference between the test unit and the
hallway adjoining the test unit. With this configuration, the only airflow into the test unit is from
the exterior. Consequently, the flow through the test fan in the unit is equal to the exterior
envelope leakage of the unit.
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Figure 10. Test equipment configuration for guarded leakage test
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Figure from Paul Morin, TEC

There are no standards that provide a protocol for conducting guarded leakage tests. Procedures
developed for a DOE-funded project to conduct whole-building guarded tests of low-rise
multifamily buildings were adapted for this project.

4.3.5 Infrared Inspection

An infrared scan assists in the identification of significant envelope air leaks. The infrared scan
covers large sections of the enclosure surface in a relatively short amount of time to identify
likely leakage locations. When an infrared scan was conducted for this research, it was typically
performed from the house interior as a two-step process to differentiate between insulation
deficiencies and envelope air leaks (ASTM E1186-17 2017). For the first step of the process, a
scan of the interior surface of the envelope was performed with the house in “as-found”
conditions. This documents thermal anomalies from insulation deficiencies (e.g., voids) and
significant air leakage from wind and stack effects. The scan was then repeated with the house
depressurized 15 to 25 Pa by a test fan. When the outside temperature was lower than the inside
temperature, surfaces that were colder than observed during the initial scan indicated air leakage.
When the outside air was warmer than inside, air leaks appeared as new warm spots. Depending
on the sensitivity of the infrared camera and other variables (e.g., wind speed and solar heating
of exterior surfaces), a difference in outdoor to indoor air temperature of at least 10°F was
needed for the scan to be useful. Although an infrared scan cannot quantify air leakage, it is
sometimes useful for quickly identifying leakage locations. Infrared scans were occasionally
used in this research as a method for documenting envelope leakage, although aerosol sealing
contractors do not typically use infrared scans for their sealing process.

4.3.6 Sealing Cost Estimates

Sealing costs were estimated for both conventional and aerosol sealing methods in order to
determine the potential cost savings of replacing some conventional sealing work with the
aerosol sealing technology. Based on past experiences, it was expected that the cost breakdown
for conventional sealing in a home would be difficult to determine. Subcontractor bids for work
generally do not include the details on labor and materials for specific tasks related to air sealing.
In addition, the sealing can be conducted by multiple trades (e.g., insulation/air sealer, drywall
installer, carpenter, electrician, plumber, and siding installer), and the trade responsible for the
sealing tasks can vary by builder.

During the first round of builder meetings, there was a discussion of what sealing work is
performed in a typical home. The research team conducted visual inspections of the leakage sites
and asked the builder which trade was responsible for each of the sealing methods. The project
staff estimated conventional sealing costs by speaking with the various trades responsible for air
sealing work.

Because aerosol sealing is now a commercialized service available from AeroBarrier dealers,
AeroBarrier staff and the dealers who participated in this project were consulted regarding their
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cost estimating strategy. In general, the cost is primarily based on the house floor area. Similar to
many construction tasks, there are other variables that also impact aerosol sealing costs,
including: (1) manual pre-sealing to be performed by the dealer, (2) extent of surface protection
required prior to sealing, (3) air leakage target, (4) pre-sealing air leakage, (5) stage of
construction, (6) the proximity of a second house so that two houses can be sealed on the same
day, (7) travel time, (8) single-family versus multifamily, and (9) the number of houses or
multifamily units to be sealed. Currently, AeroBarrier estimates that aerosol sealing cost ranges
from $1 to $2 per square foot of floor area for typical new home construction. The range and
typical time to perform aerosol sealing were estimated for a subset of the homes by recording the
time required to prep, seal, and cleanup.
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5 Results and Discussion

Aerosol sealing was performed on 11 houses in California, 15 houses in Minnesota, and a triplex
in Illinois. Table 4 displays key characteristics and sealing results for the project residences. For
the two builders in California and first two builders in Minnesota, the sealing work was first
conducted on a group of one to four houses that were designated as the Phase I group.
Experience gained from the Phase I houses was used to adjust sealing approaches or house
characteristics for the group of Phase II houses. That work was performed for two builders in
California on slab-on-grade houses with unvented and vented attics. The initial work with two
builders in Minnesota for vented attic houses with basements was expanded to a total of six
builders in order to help evaluate sealing methods for types of construction that were not
included with the first two builders. Finally, a residence in Illinois was included to document the
effectiveness of aerosol sealing process for slab-on-grade, two-story triplexes for which the
builder historically had difficulty meeting an envelope leakage requirement. Table 4 also
includes the stage of construction for the application of the aerosol sealing. In general, the
sealing was either performed at a relatively early stage (e.g., before installation of wall insulation
and drywall) or near the end of construction (e.g., post-drywall).
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Table 4. Key Characteristics and Leakage Results for Aerosol-Sealed Residences

House | Builder
# #

Sealing
Phase

Attic

Foundation

Type

Const.
Stage for

Sealing

Aerosol
Leakage
Reduction

End

Const.
Leakage
(ACHs0)

Sealing
Time
(Hours)

2,569

Unvented

Slab

Pre-
Drywall &
Post-
Foam

75%

1.24

1.6

2,032

Unvented

Slab

Pre-
Drywall &
Post-
Foam

73%

1.0

2,569

Unvented

Slab

Pre-
Drywall &
Pre-
Foam

86%

1.00

3.1

2,223

Unvented

Slab

Pre-
Drywall &
Pre-
Foam

84%

1.07

24

2,100

Unvented

Slab

Pre-
Drywall

80%

1.77

1.1

1,900

Unvented

Slab

Pre-
Drywall

81%

3.42

1.5

2,223

Vented

Slab

Post-
Drywall

80%

3.35

1.4

2,223

Vented

Slab

Post-
Drywall

80%

1.69

1.5

2,569

Vented

Slab

Post-
Drywall

54%

3.97

1.1

10 1

1,595

Vented

Slab

Post-
Drywall

70%

0.9

11 1

1,595

Vented

Slab

Post-
Drywall

66%

3.26

1.1

MN

12 3

3,338

Vented

Basement

Pre-
Drywall

84%

0.76

24

13 3

4,361

Vented

Basement

Pre-
Drywall

72%

0.90

23

14 3

3,913

Vented

Basement

Pre-
Drywall

82%

0.92

1.8

15 3

4,186

Vented

Basement

Pre-
Drywall &
Post-Wall

Insul

46%

0.82

4.8

16 3

4,428

Vented

Basement

Pre-
Drywall &
Post-Wall

Insul

66%

*%

4.6

17 3

3,972

Vented

Basement

Pre-
Drywall

83%

0.77

1.8

18 3

4,360

Vented

Basement

Pre-
Drywall

79%

1.09

1.6

19 4

4,135

Vented

Basement

Post-
Drywall

50%

0.61

0.6

20 4

4,603

Vented

Basement

Pre-
Drywall

78%

0.42

1.1
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Pre-

21 4 1l 3,698 Vented Basement Drywall 82% 1.07 2.1
22 4 Il 3,243 Vented Basement DrPyrv?/;II 70% 1.08 1.2
23 5 | 2,592 Vented Basement DT,;);:” 73% 0.96 1.5
24 6 | 2,074 | Flat Roof Slab Drp;vf’l;" 74% 0.96 18
Pre-
25 7 || 3334 | Vented | Basement | PYWAl& | ggy, 0.70 2.0
Foam

26 8 | 3,882 Vented Basement nyrv?/;" 81% 0.77 1.2
IL

27 9 | 778 NA1 Slab Di;)vsvta-ll 54% 3.82 1.5
28 9 | 778 NA Slab Di;)\f/ta;ll 52% 2.97 2.1
29 9 | 1,282 | Flat Roof NA2 Dli;)vsvta_ll 73% 2.51 1.2

5.1 California Houses

The houses sealed in California were split into two groups: unvented attics and vented attics. The
unvented attic design is not commonly adopted by home developers but results in significant
performance credits for meeting California code energy requirements, whereas the vented attic
design is much more common for single-family homes. The iterative approach for working with
contractors differed slightly from the approach described in the Methodology section (see Figure
8). Phase I for the homes with unvented attics was performed with California Builder 1, and
Phase II was performed with California Builder 2. There were some differences in general
construction style and insulation approach for the two builders, which impacted the aerosol
sealing strategy. All homes sealed with vented attics were performed with California Builder 1.

5.1.1 Unvented Attics: Phase |

The project team conducted visual inspections of homes under various stages of construction,
from installation of exterior sheathing to the drywall stage. The inspections, which were based on
the ENERGY STAR Rater checklist for building air sealing, showed a high quality of air sealing.
The homes were designed with unvented attics and used open-cell spray foam at the rim joist and
under the roof deck to both insulate and provide air sealing. After the initial assessment, the
project team met with the builder and determined two options for applying the aerosol sealing.
Four homes were sealed, two using Option A and two using Option B (described next). The
homes were all two stories and ranged in size from 2,030-2,570 ft°.

Option A

Aerosol envelope sealing for Option A occurred after open-cell spray foam was installed at the
rim joist and below the roof deck, but prior to the installation of drywall on the walls and ceiling
(see Figure 11). No additional sealing was performed prior to the aerosol sealing. The pre-sealing
results showed air leakage of 4.39 and 3.47 ACHso for the two homes during this stage of
construction.
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Figure 11. Photos of homes sealed under Option A showing open-cell spray foam at roof deck (left) and rim
joist (right)

The aerosol sealing proved very successful. The overall time to seal each home, including prep
and cleanup, took about 3 hours to complete. The leakage at the start of the sealing was between
3.5 and 4.4 ACHso. Figure 12 shows the sealing profile for both sealing demonstrations under
Option A. There were slight differences in the time required for sealing and the starting leakage
rate, which is likely due to differences in the floorplan for the homes. For both houses, the rate of
sealing is greatest at the start of the sealing and gradually decreases over time. The unique
feature of aerosol sealing is that all leaks are sealed simultaneously as long as the sealant is
dispersed uniformly though the house. Narrower leaks are quickly sealed, and wider leaks take
longer to seal. The greater rate of sealing at the start of the process suggests that both houses had
a large length of narrow gap leaks. The leakage dropped by 50% within 30 to 35 minutes. In both
cases, the aerosol sealing reduced the leakage by about 75%, bringing them down to 1.11 and
0.95 ACHso, which is roughly 80% below the California target of 5.0 ACHso.
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-
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'
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Figure 12. Sealing profile for both houses under Option A
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Option B

For Option B, the aerosol envelope sealing occurred before open-cell spray foam was installed

and represents the first opportunity to seal the homes, because the building shell is largely
complete (Figure 13). Some manual sealing prior to aerosol sealing was required to block larger
penetrations that would not be sealed efficiently with the aerosol. The time and materials
required to perform that sealing were documented. There were some issues coordinating the
sealing demonstrations with the home builder, which led to gaps at the eaves of the home that
would normally have been blocked prior to the aerosol sealing. Additionally, there was manual
sealing of other large penetrations. In the first house (#3) the pre-sealing effort was focused
primarily on penetrations that were much too large to seal with the aerosol technology, whereas

in the second house (#4), more care was taken to seal all gaps that were easily identifiable (could
see daylight penetrating) regardless of whether the leak could be sealed with the aerosol
technology. The time required and materials used are outlined in Table 5.

Table 5. Time and Materials Used to Manually Seal Homes Prior to Aerosol Sealing

Sealing Penetrations Sealing Gap at Eaves

Time for Manual Time for Manual
Stage House | Sealing (person- Cans of Sealing (person- Cans of Foam
# hrs.) Foam Used hrs.) Used
Pre-Foam 3 1.5 3 1.5 4
Pre-Foam 4 4.5 6 1 4

After the two pre-sealing efforts, the leakage of the homes was 15.14 ACHso and 9.01 ACHs for
houses #3 and #4, respectively. Clearly, the additional manual sealing effort for House #4
resulted in improved initial airtightness with an increased cost. Ultimately, builders and their
AeroBarrier contractor need to evaluate the additional cost of manual sealing compared to the
aerosol sealing performance differences and cost for their specific houses.

The aerosol sealing proved very successful at this stage of construction. The sealing injection
time increased from the sealing under Option A, requiring 2—3 hours to complete. The overall

time to seal each home, including prep and cleanup, took 4-5 hours to complete. Due to slight
changes in the manual pre-sealing efforts in each building, the leakage at the start of the sealing
was around 5,800 CFMs in one case and about 3,000 CFMso in the other. Figure 14 shows the
sealing profile for both sealing demonstrations under Option B. The rate of air sealing was faster
at the beginning of the installation and slowed as the process continued. The aerosol sealing
reduced the leakage in both cases by about 85%, bringing them down to 2.15 and 1.43 ACHso
before spray foam installation was installed. That is roughly 60%—-70% below the California
prescriptive target of 5.0 ACHso.
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Figure 13. Photos of houses sealed under Option B

Another leakage test on each home was performed after the spray foam installation to determine
the additional sealing due to the insulation. After spray foam, the measured air leakage of the
homes were 1.25 and 1.06 ACHjso, representing an additional leakage reduction of 6% and 4%,
respectively, relative to the initial leakage of the homes. This result is only slightly higher than
the result for using aerosol sealing after the spray foam installation under Option A.
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Figure 14. Sealing profile for both houses sealed under Option B (pre-foam)

Table 6 and Figure 15 provide a summary of all aerosol sealing results for the first round of tests
for the Phase I homes. Overall, nearly 10,000 CFMs of air leakage was sealed in 8 hours of total
injection time over 2 days. The average airtightness achieved was 1.09 ACHso before drywall
was installed in the homes. Final air leakage tests were performed after the end of construction,
showing very little change in air leakage (average of 1.12 ACHso). The homes sealed with
aerosol sealing were 39% tighter than homes sealed with only conventional methods. All homes
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were under 2.0 ACHso, suggesting that the open-cell foam did a good job of sealing. Post-
occupancy tests were not within the scope of this project. However, lab durability testing showed
an overall increase of less than 0.1% of the sealed area when aerosol seals were subjected to
1,900 cycles of 100 Pa pressure change (Modera and Harrington 2018). The sealant is a diluted
version of a synthetic acrylic elastomeric material that is typically used as an exterior air barrier
and is expected to “flex” with movement in building materials.

Table 6. Summary of Phase | Sealing Results

Pre-Seal Post-Seal After Foam
Volume

(ft%) % %
CFMso ACHso Reduction CFMsp ACHso Reduction

Post-

2,569 | 23,121 1,690 4.39 429 1.1 75%
Foam: 1

Post-

2,032 | 22,215 1,286 3.47 351 0.95 73%
Foam: 2

Pre-

2,569 | 23,121 5,836 | 15.14 828 2.15 86% 483 1.25 42%
Foam: 3

Pre-

2,223 | 20,007 | 3,005 9.01 477 1.43 84% 352 1.06 26%
Foam: 4
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Figure 15. Air leakage results summary for all homes at each stage of the process
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5.1.2 Unvented Attics: Phase Il

Phase II of the aerosol sealing demonstrations aimed at further developing the air sealing
approach for homes designed with unvented attics. The homes sealed for Phase II were built by a
different builder (#2) in California than in Phase I, but many of the same sealing strategies were
used by both builders. The Phase II homes were designed with blown-in cellulose insulation at
the roof deck, which differed from the spray foam insulation used in the Phase I testing. In both
cases the air barrier is formed at the roof deck. This allowed researchers to assess the airtightness
achieved under both approaches. It is understood that spray foam does a better job than blown-in
cellulose of sealing air leaks, in addition to providing insulation for the homes. The Phase II
demonstrations assessed whether the aerosol sealing process could achieve high levels of
airtightness without using spray foam insulation.

Builder 2 for Phase II took some specific measures in order to facilitate the aerosol sealing in
their homes. They modified the schedule to allow the insulation to be installed after exterior rigid
foam as opposed to before, which would normally be the case. Additionally, the builder installed
drywall earlier in the construction process than normal between the garage and the living space
to complete the air barrier of the home (the garage is not typically included in air leakage
assessments of homes). An air barrier wrap was installed to block the garage attic from the house
attic. These modifications were fairly minor and could be avoided if aerosol sealing was planned
for the homes at the design phase.

Based on our experience in Phase I, the exterior rigid foam was expected to close the gaps left at
the eaves where the roof meets the wall; however, observations at homes for California Builder 2
showed that some of the gaps were still larger than expected (Figure 16). The areas where large
gaps existed were manually foamed by the aerosol contractor prior to the aerosol sealing process.
The contractor was able to address this leakage in about 0.5 person-hours.

Figure 16. Large gaps at eaves between foam and roof structure were sealed prior to aerosol sealing

The aerosol envelope sealing demonstrations were completed by a local aerosol distributor on
July 24-25, 2018, for houses located at a net zero energy community in Clovis, California.
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Building America project team members Curtis Harrington and Daniel Reif were present, and
they performed pre- and post-aerosol sealing air leakage testing as well as assisting with building
preparation activities. Two single-story homes with attached garages were sealed and ranged in
size from 1,900-2,100 ft>. Figure 17 shows the stage of construction the homes were in at the
time of the aerosol sealing.

Figure 17. Bibs attached to roof deck left hanging (left); photo of home sealed with ridged foam on exterior
(right)

During the initial pressurization for the first home, the team uncovered a significant air leak
between the home and garage. It was not noticed initially, but was uncovered when the team had
trouble pressurizing the home. The construction methods did not allow aerosol sealing to be
applied without minor modifications and resulted in the builder having to install an air barrier
wrap to block the garage attic from the home attic spaces (Figure 18). There was a relatively
small section of this barrier that was not installed continuously up to the roof. The bib material
for insulation and the house wrap looked similar, and in one section there was a significant leak
through the porous bib netting. After identifying the leak path, the project team installed poly
wrap to block the leak.
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Figure 18. Air barrier wrap above drywall to seal house attic from garage attic

After addressing the bulk air leakage, the aerosol sealing process went very well. The sealing
was conducted for about 1-1.5 hours. The overall time to seal each home including prep and
cleanup was about 7 hours for the first home (due to the additional prep required to block the
attic leak) and about 5 hours for the second home. The leakage of the homes started at 5,900
CFM50 and 6,900 CFMso, and they were sealed by about 80% to 1,200 CFMsp and 1,300 CFMs,
respectively. Figure 19 shows the sealing profiles for both homes sealed in Phase II, and the
results of the air leakage tests performed by the Building America team are summarized in Table
7.
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Figure 19. Sealing profile for both houses sealed for Phase Il with California Builder 2

Table 7. Summary Table of Aerosol Sealing Results: Phase Il—Before Drywall

Pre-Seal Post-Seal
Stage/ Floor Volume
2 3 0,
House # Area (ft?) (ft) CFMso ACHs, CFMs, ACHs, % :
Reduction
Pre-Drywall: 5 2,100 26,250 5,906 13.50 1,193 2.73 80%
Pre-Drywall: 6 1,900 23,750 6,911 17.46 1,288 3.25 81%

Figure 20 presents the end-of-construction leakage results for homes sealed in Phase I1. The
homes with aerosol sealing were about 50% tighter than the baseline homes, with an average
leakage of 2.6 ACHso compared to 5.1 ACHso for the homes not aerosol sealed. There was a
significant difference between the leakages measured for the two homes with aerosol sealing.
One home tested at 1.8 ACHso, whereas the other tested at 3.4 ACHso. The difference is
attributed to the fact that the attic between the garage and the conditioned space were connected,
and 1t was difficult to install an air barrier to deal with the bulk airflow path between them. A
plastic barrier was installed to create the air barrier, but there was significant leakage around the
plastic. The builder had not planned the design of the home around the use of aerosol sealing, so
this issue could be avoided by using a different attic system design. In addition, the final leakage
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number for the leakier home was slightly higher than the post-sealing result, indicating that the
work completed in the home after sealing (e.g., drywall, installing appliances and flooring)
resulted in a net increase in building leakage. No other home sealed for the two phases of this
project showed an increase in leakage after the aerosol sealing.
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Figure 20. Phase Il air leakage results for all homes, including end of construction
5.1.3 Unvented Attics: Discussion

Figure 21 presents the results from both phases of this project for aerosol work on homes
designed with unvented attics. The results for the homes that used spray foam insulation showed
generally tighter construction. The higher levels of air leakage for homes that used fibrous
insulation was partly due to the differences in construction technique, such as the fact that in
Phase I, California Builder 1 installed OSB around the entire building envelope. The air barrier
wrap installed between the garage attic and the house attic was another source of leakage in
homes in Phase II that were not sealed as effectively with the aerosol. One home sealed in Phase
II had significant trouble getting bulk air leakage blocked prior to aerosol, and this home ended
up with the highest leakage of the homes sealed. The construction approach taken by California
Builder 2 resulted in leakier buildings in general, with the baseline homes that were sealed with
conventional methods testing out at 5.1 ACHso. The aerosol process demonstrated the ability to
seal one of the homes with fibrous insulation down to 1.8 ACHso, which is a significant
improvement. This level of leakage roughly matches the airtightness achieved in the baseline
homes for California Builder 1 using spray foam, suggesting that aerosol with fibrous insulation
could be used in place of open-cell spray foam.
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Figure 21. Air leakage results summary for all homes for Phase | and Il at each stage of process

5.1.4 Vented Attics

The next set of aerosol sealing looked at the application process for sealing homes with vented
attics. The homes sealed in this final phase were built by the same builder from Phase I; some of
the homes had the same floor plans as the homes with unvented attics. No spray foam insulation
was used in these homes as a cost-saving measure by the builder. Instead, fiberglass and
cellulose were used in the walls and above ceilings. The aerosol sealing was applied after
drywall was installed, before wall texturing and after texturing and trim installation. No major
changes were required to apply aerosol at this stage of construction.

An air sealing assessment for California Builder 1 on homes designed with vented attics was
performed by Curtis Harrington and Daniel Reif. Several houses in a subdivision in Lodi,
California were inspected on May 17, 2018. The inspection results were identical to the unvented
attic homes in Phase I, showing a high quality of air sealing. California Builder 1 stopped
building homes with unvented attics due to low demand and to reduce costs. This and the
insulation methods were the only major changes made in the design of these homes. Methods for
sealing homes with vented attics during rough-in (before drywall is installed) were discussed
with California Builder 1 during the site visit. Applying at that stage would have required
installing drywall at the ceiling-attic interface to complete the bulk air barrier. This would be a
major shift in standard practice for this builder and their contractors, and therefore was not
performed for this project. The advantages of sealing before most of the drywall and insulation is
installed is that seals would form at the exterior building shell, reducing the amount of air
infiltration in the wall cavity. In addition, this would reduce the chance of seals getting damaged
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from other work in the home (e.g., electrical work damaging seals formed on outlet boxes).
Ultimately, it was decided that the best time to seal would be after drywall was taped. There is
some flexibility at this stage that allows the sealing to occur after mud or after texture is
installed. Sealing at the internal wall surface also minimizes moisture transfer into the wall
cavity from inside sources.

The aerosol demonstrations were completed by the same local aerosol distributor from Phase 11
of the unvented attic tests. One home was sealed each day on June 26, 2018, July 2, 2018, and
January 4, 2019. Two homes were sealed on January 16, 2019, with a majority of the prep work
completed the previous day. As in previous phases, Building America researchers were present
to measure pre- and post-aerosol air leakage, and to assist with building prep. Three of the five
homes sealed were two stories and 2,223-2,569 ft*>. The remaining two homes were one story
and 1,595 ft%. Figure 22 shows the stage of construction the homes were in at the time of the
aerosol installation.

Figure 22. State of vented attic homes at time of sealing

The final two homes were sealed during light rain showers (Figure 23). High humidity and very
cold temperatures reduce the amount of sealant that can be injected due the limited capacity for
water to be evaporated into the air, which reduces sealing rates. To supplement the electric
resistance heaters used with the standard aerosol system, a kerosene forced air heater in the
garage was placed at the fan inlet. While direct-fire heating adds some moisture to the space, the
overall impact can reduce the relative humidity of the air under certain conditions, and the
contractor had noticed positive results when using a kerosene heater to supplement the electric
resistance heaters integrated in the aerosol equipment. The additional heat was used to increase
the seala