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Executive Summary

This project examines a large-scale renovation project in a 500-unit, 1960s era subsidized urban
housing community. The development comprises low-rise and mid-rise structures, both of which
exhibit exposed concrete frames with uninsulated masonry infill walls. The project has a
particular focus on indoor environmental quality and energy performance. The nature of
occupied rehabilitation necessarily limited the scope of work implemented within apartment
units. This research focuses on the airflow control and window replacement measures
implemented as part of the renovations to the low-rise apartment buildings.

The window replacement reduced the nominal conductive loss of the apartment enclosure by
approximately 15%; air sealing measures reduced measured air leakage by approximately 40%
on average. The full scope of renovation work, which includes mechanical system upgrades in
addition to the air sealing and window replacement measures, is expected to achieve energy
savings of approximately 30% relative to existing conditions.

The window replacement measure and much of the air sealing correspond to typical building
upkeep and component replacement activity. The research provides specific findings relative to
window details and effective air sealing strategies. It also aims to convey broader lesson in
leveraging upkeep and maintenance activities to benefit durability, comfort, indoor air quality,
and energy performance.

vii
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1 Introduction

This project examines performance measures in the context of a large-scale renovation project.
Castle Square Apartments is a 500-unit, 1960s era subsidized urban housing community in
Boston. Castle Square Apartments is owned by the Castle Square Tenants Organization (majority
owner, hereinafter CSTO) and by WinnDevelopment (Winn). The development includes low-rise
and mid-rise structures. The wall assemblies for both types of structures consist of exposed
concrete frames with uninsulated masonry infill. Existing fenestration is nonthermally broken
aluminum-framed double-pane windows.

The renovation has a particular focus on indoor environmental quality (thermal comfort, odor
control, and ventilation) and energy performance. In the low-rise (two- to four-story) apartment
buildings, these goals will be pursued through a renovation project involving kitchen
replacement, window replacement, mechanical system upgrade, and a limited scope of
remediation air sealing that is implemented mostly in the kitchen and mechanical room areas.

The research project focuses on evaluation of the air sealing measures and window replacement
implemented as part of the renovation scope. The iterative nature of the measures implemented
in a large number of apartment units suggests the opportunity to assess the effectiveness of
various airflow control, air sealing, and air quality measures implemented at a large scale within
occupied residences.

The Castle Square Apartments community represents a type of building construction and
situation of building occupancy/ownership that presents acute challenges to high performance
retrofit. These construction types and situations are also reasonably common, particularly in
metropolitan areas across the heating dominated climates of the United States.

The limited scope of engagement within the apartments and, in particular, the limited scope
applied directly to energy and indoor air quality (IAQ) measures necessitated carefully targeted
measures. This project provides the opportunity to assess the effectiveness of various airflow
control, air sealing, and air quality measures implemented at a large scale within occupied
residences in uninsulated masonry and concrete structures.



U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

2 Project Context

Figure 1. Castle Square low-rise or “garden” apartments.

2.1 Background

2.1.1 Midcentury Subsidized Housing

Across the country, and particularly in the Northeast and upper Midwest, a multitude of
uninsulated masonry structures were built to provide durable and functional subsidized housing.
Many of these structures were built in an era when it was acceptable cold climate practice to
provide a building enclosure with no added insulation. Although considerable expense may have
been applied toward making the buildings hardened and abuse resistant, comfort did not appear
to have been a priority. To say that aesthetics are often sparse would be an understatement.
Approaches to IAQ have evolved considerably in the time since these buildings were built.

Despite the compromises of comfort, charm, and healthful interior environments, the need for
affordable housing is so acute that vacancies in subsidized housing developments are often
scarce in major metropolitan areas. The uninsulated enclosures and sometimes arcane
mechanical infrastructure drive many of these buildings toward being unaffordable for the
housing authorities, community development agencies, and tenants’ organizations that operate
them.

Clear guidelines about effective and technically sound retrofit strategies are needed that can be
implemented in occupied housing. The sustained viability of these buildings may also require
strategies to significantly improve aesthetics, comfort, water management, and energy
performance.

2.1.2 Castle Square Apartment Renovations
In preparation for regular and periodic refinancing, the CSTO and Winn sought to develop a plan
to address ongoing performance concerns and substantially modernize the facility. Surveys of
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residents and frequent resident input meetings found that improving IAQ (reducing transmission
of odors) and thermal comfort are top priorities (see Appendix A). The CSTO and Winn also
expressed a strong desire that the renovations to the community be as “green” as possible and
that energy costs be reduced as much as possible. Because of the acute need for affordable
housing in the area, the high cost of relocating residents, and the extremely low vacancy rate, it
was determined that the renovations must take place without displacing residents.

The CSTO-Winn joint venture hired an Architect, Elton + Hampton Associates, an engineer,
Petersen Engineering, and Building Science Corporation (BSC) as building science and
enclosure consultants, to assist in developing project directions. Initially, the joint venture
aspired to implement a Passive House-level retrofit. Although the goals did need to adjust to
financial circumstances, CSTO and Winn maintained a firm commitment to super-insulation of
the mid-rise buildings.

The scope of renovations in the low-rise apartments comprises kitchen replacement, window
replacement, provision of kitchen and bath exhaust, and replacement of the furnaces and water
heaters. This scope is representative of what may be included in a typical “modernization” or
upgrade of housing units for nonenergy reasons. The scope also replaces components that would
need to be replaced multiple times over the normal service life of a concrete and masonry
building. The renovation project at Castle Square Apartments seeks to leverage this rather
generic scope for maximum energy and IAQ benefit.

A significant portion of the design development for this project occurred prior to the start of the
present Building America (BA) project. BSC had worked with the project team under prior BA
program years as well as under direct contract with the project team. During this earlier phase,
BSC contributed to the development of air sealing strategies and of performance specifications.
Investigations and diagnostic testing were conducted in vacant apartment units designated as
mock-up/investigation units. During the present BA program period, BSC contributed to the
refinement of pertinent performance details and assessment of performance specifications. After
the contract for implementation of the renovation was awarded, an additional vacant apartment
was made available for investigations and measurements. BSC worked with the architect and
selected general contractor to refine strategies based on work conducted in this apartment unit.

2.2 Relevance to Building America’s Goals

The goal of the U.S. Department of Energy's (DOE) BA program is to reduce energy use for
existing homes by 15% (compared to pre-retrofit energy use). Based on estimates of the design
team, the renovations to the low-rise buildings are expected to yield energy use savings of
approximately 30%."

The measure examples and guidelines produced by this research project will be applicable to
uninsulated masonry multifamily structures in heating-dominated climates. Of particular interest
is that the lessons learned will be representative of the context of subsidized housing and
occupied renovation. Furthermore, measures implemented in the low-rise apartment renovations

" The design team used input from a variety of analyses to arrive at energy reduction estimates. BSC provided
modified heat flux analysis to reduction in enclosure heating load. The mechanical engineer prepared estimates of
reductions in energy use of the mechanical systems relative to loads. The estimates of relative reductions could then
be applied to historical consumption data to arrive at estimates of the value of energy savings.
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address components that typically will need to be replaced or assemblies that will need to be
refurbished during the service life of buildings. Measures guidance for these measures provides
support for building owners/operators to capitalize on performance improvement opportunities
represented by regular maintenance and replacement activities.
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3 Data Sources and Methods

3.1 Review and Observation

In the capacity of a technical support consultant, BSC reviewed shop drawings pertaining to
window installation and other measures affecting either water management or airflow control.
BSC suggested changes through the project architect.

BSC also reviewed implementation of work in the field and participated in refinement of details
with involvement of the implementing trade contractors, general contractor, architect, and
owners’ representative. In-field observation of work involved visual observation and
documentation by digital photographs. In some cases, BSC reviewed photographs and
documentation provided by persons in the field.

3.2 Measurements

Air leakage performance was measured via multipoint blower door testing. Total apartment
enclosure air leakage performance was assessed by testing apartments in a fully unguarded
configuration, that is, with neighboring apartments open to the exterior. During initial stages of
the renovation project, some iterations of guarded blower door testing were performed as well.
During initial construction stages of project, we performed air leakage testing at a small sample
of apartment units at intermediate stages of scope to assess success of implementation and help
the contractor understand air sealing measures.

Total apartment enclosure air leakage performance after completion of the renovation scope was
measured in a 10% sample (31 apartment units) of the renovated apartment units. Pre-renovation
measurements were taken in a smaller sample of units. It was generally not practical to directly
measure pre- and post-renovation air leakage within specific apartments.

3.3 Analysis

The performance specification referenced in the project specification is expressed in terms of an
effective leakage area (ELA) ratio where the calculated effective leakage area is normalized to
100 ft* of enclosure/boundary surface area. This ratio is given the shorthand ELA/100. The ELA
is defined as the area of a special nozzle-shaped hole (similar to the inlet of the blower door fan)
that would leak the same amount of air as the building does at a pressure of 4 Pa.”

The TECtite software was used to calculate the ELA based on multipoint air leakage tests. BSC
performed area and volume takeoffs of the apartment unit plans to be able to normalize the air
leakage measurements in terms of ELA/100, ACH50, and CFM50/ft> of enclosure area.

* ELA was developed by Lawrence Berkeley National Laboratory. Under less than optimal testing conditions,
coefficients and exponents derived from multipoint testing can be relatively unstable resulting in extrapolations to
airflow at lower pressures that are also unstable. The measurement of air leakage flow at 50 Pa, where 50 Pa is near
the upper end of the test pressure range, is taken to provide a more stable measure of air leakage. Extrapolation
using fixed coefficient and exponent values applied to the calculated cfm50 measurement is believed to provide a
more repeatable and stable measure of effective leakage area.
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Because it was generally not practical to directly measure pre- and post-renovation air leakage
within specific apartments, reduction of air leakage performance is taken from a statistical
analysis of pre- and post-retrofit air leakage measurements. Normalized measurements for the
pre-retrofit sample are compared to normalized measurements of the post-retrofit sample.
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4 Retrofit Measures

The retrofit measures impacting energy performance include air sealing, window replacement,
and replacement and reconfiguration of the mechanical system. This research addresses the air
leakage control and window replacement measures. It does not assess the reconfiguration of the
heating and water heating systems.

4.1 Air Sealing

A major component of BSC’s contribution to the project plan was development of air sealing
scopes of work and performance specifications for the apartment renovations. The air sealing
scope and performance specifications are aimed at compartmenting and odor control as well as
infiltration/exfiltration control. The development of air sealing scopes necessarily employed
destructive investigation to confirm construction of assemblies. Blower door diagnostics were
also used to guide development of air sealing measures and to establish reasonableness of
performance targets.

During design development, the architect proposed an air leakage target of 1.25 ELA/100. This
target was initially selected to align with a U.S. Green Building Council (USGBC) LEED
prerequisite path for multifamily residential projects. It was hoped that air sealing
implementation and air leakage testing in a mock-up apartment would determine whether this
target was appropriate for the project. For reasons discussed in Section 5.1, it proved impractical
to provide a determination of the appropriateness of the target prior to full-scale construction.

Based on support provided by BSC, the architect developed an air sealing scope for the
apartment renovations. The scope of renovation work within the apartment outside the kitchen
was limited; therefore, opportunities for air-sealing measures were limited. The kitchen cabinets
and fixtures to be replaced in the kitchen were on a demising wall; therefore the kitchen
renovation provided opportunities to address air leakage between apartments. The air leakage
scope for the apartments is as follows:

4.1.1 General Air Sealing
e Seal the gap around the duct plenums (both supply and return) connecting the apartment
to the mechanical closet (see Figure 2).

e Remove register grilles throughout the apartment and seal from the inside of the duct to
the face of the drywall with appropriate tape. Trim the tape at the face of the drywall so
that the register flanges will conceal the tape (see Figure 3).

e Caulk the steel frame of the entry door to the drywall; replace door gasketing where it
does not provide a good seal.

e Seal the demising wall to exterior wall. At the corner of the demising wall and the
exterior wall, remove a 2- to 4-in. wide strip of drywall from exterior wall to allow the
drywall of the demising wall to be sealed to the exterior wall (concrete frame or concrete
masonry unit [CMU] backup) (see Figure 4).>

? Ultimately, this measure was removed from the scope for the low-rise apartments.
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e Seal accessible plumbing, electrical, and other penetrations through the drywall with
appropriate sealant; e.g., if plumbing penetrations are accessible beneath a bathroom sink.

e Where soffits (bulkheads) are opened, seal all penetrations and connections to adjacent
units and the surface of the demising wall; otherwise, make it continuous and seal it to

the underside of the deck above.”

Figure 2. Typical gap around supply plenum in separation between mechanical room and
apartment.

Figure 3. Left: Gaps between duct boot and drywall created a bypass for heating distribution and

also represented significant leakage pathways into the demising wall and, consequently, between

apartments; Right: The work scope called for metal extension sleeves and foil mastic tape to seal
from the existing duct, over the extension sleeve to the face of the drywall.

4 Because of the cost, disruption to residents, and risk of hazardous materials, the contractor avoided situations that
would open or compromise the duct soffit enclosure.
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Figure 4. Furring cavity of exterior wall communicates with demising wall. Left: Drywall removed
at section of exterior wall adjacent to demising wall; Right: Close-up of connection between
furring cavity of exterior wall and demising wall.

Figure 5. Left: Annular seal at easily accessible plumbing penetration; Right: Within the duct soffit
enclosure, the demising wall is not continuous to the ceiling.

4.1.2 Air Sealing at the Location Affected by the Kitchen Remodeling Scope
e Seal around all plumbing, electrical, and other penetrations at the wall surface with
appropriate sealant.

e Seal between the bottom of the wall and the floor.

e Extend the top of the wall to meet the ceiling/floor assembly and seal between the top of
the wall and the ceiling/floor assembly above.
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e Where the base of the exterior wall is exposed, clean the floor-exterior wall junction and
apply a liquid-applied waterproof membrane to seal the block wall to the floor slab.

e (Connect and seal the drywall of the demising wall to the exterior wall at the side of the
kitchen adjacent to the exterior wall.

e Where the unused duct stub penetrates the surface of the demising wall, cut back the duct
to allow the drywall to extend and seal to the floor/ceiling assembly, then cap and seal the
duct.

e Provide airtight electric boxes throughout or seal each electric box with appropriate
sealant.

o Where CMU backup wall of exterior wall is exposed, apply mastic over accessible cracks
or minor holes. Patch major holes (broken block) in CMU wall.
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Figure 6. Left: Large discontinuities in demising wall surface round plumbing and other services

above the soffit. Drywall surface is not sealed to floor/ceiling above; Right: Demising wall surface
is not sealed to floor slab.
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Figure 7. Left: Where work exposes the joint between the exterior wall and floor slab, there is an

opportunity to ensure a robust air seal at this joint; Right: As seen in this exposed section above

the kitchen soffit, the demising wall does not connect to the exterior wall structure. This leaves a
path for airflow around the demising wall.
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Figure 8. Dead-end stub of supply plenum extends through demising wall. Left: View of supply
plenum with kitchen soffit and cabinets removed; Right: View into demising wall cavity through
large opening around dead-end stub of supply plenum.

Figure 9. Left: Small hole in mortar joint of exterior wall; Right: Large existing hole in CMU of
exterior wall apparently created to accommodate electrical and communication services.

The architect conveyed this air sealing scope in construction drawings reserved exclusively for
air sealing details (see Figure 10). In addition to the explicit air sealing scope, other scopes of
work impacted air leakage control. The window details in particular were developed to provide
robust air leakage control. The air sealing objectives were also reinforced throughout the project
specification. BSC and the architect wrote a performance testing quality assurance protocol that
was written into the project specifications (see Appendix B). The owner’s representative also
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employed an air-sealing checklist that was completed for each of the 308 apartments in the low-
rise portion of the project (see Appendix C).

LOWHISE AIR SEALING NOTES
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Figure 10. Air sealing scope in construction drawings.

(Image courtesy of Elton + Hampton Architects, used with permission.)

Although most of the explicit air sealing scope fell within the drywall division and under the
obligation of the drywall subcontractor, the work also overlapped with other specification
divisions and subcontractor scopes of work. Plumbing, heating, ventilation, and air conditioning
(HVAC), and electrical subcontractors were responsible for some of the air sealing scope.
During initial mobilization of the construction effort, the architect, BSC and the general
contractor conducted meetings to review with construction personnel the air sealing scope, the
need for and expected benefit of the air sealing, and the testing and verification protocol.
Presentations given by the architect and BSC at these meetings included images of air leakage
conditions (such as those above) from earlier investigations. These meetings were mandatory for
all subcontractor foremen whose work would impact the air leakage performance.

4.2 Window Replacement

4.2.1 Development of Window Replacement Details

During the prior phase of work, BSC developed schematic details for the retrofit window
replacement at the low-rise buildings. Within the limited scope of the low-rise renovations, the
window replacement represents one of the most significant opportunities to address air leakage
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to the exterior.” To understand conditions the window installation would need to mitigate, BSC
conducted destructive investigation into the construction of the low-rise apartments.

The window replacement represents an important opportunity to address airflow control because
of the large openings in the airflow control layer observed around the window openings. The
windows had been installed to wood bucks. A large (but, as discovered later, variable) gap
existed between the wood buck and the CMU opening. In Figure 11, the back of the brick veneer
is clearly visible through the gap between the sill buck and the CMU. Because the CMU backup
wall, with its dampproof coating on the interior side, was the primary infiltration control layer
for the apartments, the window replacement details and installation sequence needed to provide a
means to seal between the wood bucks and the CMU opening.

Figure 11. Destructive investigation into existing window assembly and installation. Left: Interior
view of existing window installation in mock-up unit. Note the gap between masonry opening and
sill; Right: Exterior view of existing window installation in mock-up unit. Note the sill membrane
forming a trough that is filled with mortar.

> The other major opportunity to address air leakage to the exterior is represented by the mechanical system work.
The mechanical system work scope provides access to both the supply and return plenum penetrations into the
apartment enclosure. Early investigations revealed significant gaps around these duct penetrations, which effectively
connected the apartment environment to the mechanical closet.
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L-Air seal between window and
flashing membrane

r New flanged window

’Flashing membrane applied over
window sill buck and lapping onto
exterior sill trim

+ Exterior trim cap

Backer rod and sealant

+ Exterior cast stone sill

* New sill buck on top of location
of existing sill buck

Figure 12. Early schematic detail for low-rise window replacement

BSC provided comment and review of architectural details, including those for the window. As
details evolved in the course of the design process, BSC provided technical guidance to ensure
that critical control functions were evinced in the details.

Window installation was also carefully studied in the mock-up apartment. Details and
implementation processes needed to be well resolved to allow the work to proceed rapidly once
the project started in earnest. The window supplier, installation subcontractor, general contractor,
architect, and BSC were involved in evaluation of windows in the mock-up apartment unit. As a
result of this work, the manufacturer made changes to the window and installation details were
revised.

During the mock-up installations, the installing subcontractor’s personnel were able to identify
areas where the installation process could be improved to achieve better performance results.
BSC incorporated the subcontractor’s improvements into revisions to a window installation
“recipe” developed by the general contractor (see Appendix D).

The window installation details in the construction bid documents called for drilling the wood
bucks at regular intervals and injecting a foam sealant into the gap. This was a less-than-
desirable solution because it did not offer the opportunity to visually verify a continuous seal.
The window installation subcontractors devised and demonstrated an alternate approach
involving cutting the wood bucks to allow access to the gap to be sealed. The wood buck is cut
approximately flush with the face of the CMU backup wall. The gap between the wood buck and
the CMU opening is then accessible through the cavity between the brick and the CMU.
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Figure 13. Left: Wood jamb buck being cut to allow access to joint between buck and masonry
opening; Right: Wood jamb buck cut showing both working and visual access to the gap to be
sealed.

AR

Figure 14. Foam sealant being applied between off-cut wood buck and CMU
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Figure 15. Left: Visual access enables verification of seal between buck and masonry opening;
Right: Foam sealant in gap between wood buck and CMU backup wall.

When the wood buck was cut away approximately flush with the face of the CMU backup wall,
it left a significant gap between the buck and the brick. The window unit covers this gap, but a
jamb flashing is needed at the jamb of the opening. Therefore, a substrate for the jamb flashing
was needed to allow this flashing to bridge the cavity between the CMU backup wall and the
brick. A piece of metal coil stock was used in the first mock-up unit window installation.
Subsequently, the window installation subcontractor demonstrated that the off-cut of the wood
buck could be reattached as a substrate for the jamb flashing membrane provided that the
application of foam sealant at the jamb buck was not excessive.

10
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Figure 16. Left: Metal coil stock support for jamb flashing between wood buck and brick return;
Right: Wood buck off-cut reattached as jamb flashing support.

11
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5 Implementation Assessment

5.1 Air Sealing

5.1.1 Construction Observations

After the air sealing scope was developed and before the renovation work was fully ramped up,
the property owners designated an additional vacant apartment unit as a mock-up unit for the
general contractor to use to implement the renovation scope. This enabled the project team to
identify implementation challenges. It also provided the opportunity to discover additional areas
requiring air sealing.

BSC observed the mock-up apartment after the contractor had performed initial demolition work.
These observations confirmed many of the air sealing needs identified in previous investigations.
The observations also highlighted the need for air sealing work to be resistant to rodents as on
going rodent activity was evident in this apartment (see Figure 17). BSC conveyed a report (see
Appendix E) to the architect conveying suggestions relative to the air sealing scope drawings
excerpted in Figure 10.

Figure 17. Left: Copious evidence of rodent activity on floor of second floor closet; Right: Rodent
hole behind kitchen cabinet location and apparent pre-existing attempt at sealing base of wall to
floor with joint compound.

BSC observed a condition in this apartment unit where the duct soffit (which, in turn was opened
to the demising wall) is open to the apartment. This opening was found to contribute
significantly to the total enclosure air leakage of the apartment. BSC worked with the general
contractor and architect to devise a suitable remedy for this situation that was added to the air
sealing scope of work. The remedy had to accommodate considerable variability found for the
particular condition.

12
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Figure 19. Left: Opening into duct soffit along side vertical riser. View into soffit and demising wall
cavity (with dirty batt insulation) beyond; Right: drywall closure for duct soffit.

13
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On multiple occasions, BSC conducted site visits to the mockup apartment unit to assess the
general contractor’s implementation of the project scope relating to air flow control. BSC
conducted air leakage testing in the mock-up apartment unit to assess whether the air sealing
performance target was attained and whether it appeared attainable within the limits of the
project work scope.

Figure 20. Left: Early attempt at sealing exhaust duct. Note annular seal between sleeve and duct
but not between duct sections or sleeve and wall; Right: Backlit image of early attempt at sealing
exhaust duct illustrates where air seal is needed.

During the mock-up phase of work, the full renovation scope of work could not be implemented.
The mechanical system work, because it would involve four adjacent apartments rather than
being isolated to one apartment, could not be performed at this stage. The final air leakage
measurement attained in the mock-up apartment was 1.65 ELA / 100. It was expected that the
mechanical system work would result in additional air leakage reduction (see Appendix F).
Although it seemed possible that the scope of air sealing work could achieve the target, the work
in the mock-up unit fell short of a proof-of-concept.

The results of the mock-up and other pre-retrofit airtightness testing are presented and discussed
in Section 5.1.2.

The project team expended considerable effort in resolving details and processes in the mock-up
apartment units. When the construction work began in earnest, it was to proceed at a very fast
pace. The main focus of the work within each apartment was the kitchen replacement. Most of
the air sealing scope was implemented in conjunction with the kitchen replacement work. The
kitchen replacement scope was implemented during daytime hours over the course of two to

14
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three days. At the end of each day, the apartment was to be left in a functioning condition. At the
end of the first day, the new kitchen cabinets and counter were in place and the kitchen sink was
operational. This rapid implementation schedule requires a high level of coordination between
various trades. The result is something of a production line retrofit where trades move rapidly
from one apartment to another. The difference between a production line and this construction
process is that rather than the work subject moving through a line of workers and tradespersons,
the contractors move through apartments in stationary lines of buildings.

The drywall subcontractor and the general contractor identified an opportunity afforded by the
sequence of the renovation work. Because one side of the demising wall at the kitchen is opened
shortly after the wall on the other side of the wall is refinished, there is an opportunity to
thoroughly seal the demising wall from the open side of the wall. This enabled better visual
confirmation of the sealing work. The sealing sequence also made it possible for the contractor to
seal the demising wall to the exterior wall without cutting the drywall of the exterior wall, as had
been indicated in the architectural air sealing drawings.

Figure 21. Demising wall at kitchen air sealed from open side of wall.

15
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Figure 22. Airflow control connection between drywall and exterior wall achieved through open
side of wall.

Observation of the rapid sequence air sealing work also revealed instances where clarification of
the intent of the scope is needed. In observing progress in two apartments, BSC noted that a new
bathroom exhaust duct passing through the exterior wall assembly had been sealed at different
locations in each apartment. In the first apartment, the wallboard of the furred out exterior wall
had been cut away to allow the duct to be sealed at the penetration through the CMU of the
exterior wall. In the other apartment, the drywall was cut neatly around the exhaust duct that
appeared to have been sealed to the drywall.

Figure 23. Large opening in drywall around exhaust duct allows access to exhaust duct
penetration through CMU backup wall — the primary airflow layer for the exterior wall.

16



U.S. DEPARTMENT OF Energy Efﬁciency &

EN ERGY Renewable Energy

This variation observed in the field points to a need for project documents (drawings,
specifications, and supplemental instructions) to clearly identify the layer of the assembly
intended to be the airflow control layer. It is not practical for a drawing set to anticipate all the
possible conditions that might be encountered in the field. Even at this development, where the
nature of the apartments appears to be extremely repetitive, significant variations were
encountered. Therefore, documents that direct air sealing work only specifically — e.g. by calling
out where to apply sealant (see Figure 10) — may fall short of achieving performance objectives.
If the documents also convey intent and explain which components, layers, or surfaces in the
assemblies perform required functions, contractors would be better positioned to identify
effective solutions to unanticipated conditions.

For the exterior wall assembly of the Castle Square low-rise apartments, the primary airflow
control layer is the CMU wall and concrete frame. The interior face of these elements is coated
with an asphaltic damp proofing material that is presumed to render the CMU a reasonable air
barrier. If it is clearly communicated to the air sealing contractor that the back of the CMU wall
is the primary airflow control layer, the contractor is more likely to understand that the proper
method of sealing the exhaust duct penetration is to cut away the exterior wall drywall to allow
access to the duct penetration through the CMU layer.

Figure 24. Inside of CMU layer in exterior wall. Note dampproof coating and through-wall flashing

5.1.2 Air Leakage Testing

5.1.2.1 Initial Implementation Evaluation Testing

During the initial implementation of the renovation scope in the first renovated apartments, BSC
provided performance testing of the air sealing scope to inform the general contractor and the
project design team about the success achieved relative to performance goals. The testing was
highly dependent on alignment of construction schedules, on the ability to provide sufficient
advance notice to residents, and on BSC availability. Once beyond the mock-up implementation,
there was a very slim chance for the confluence of the necessary conditions.

17
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At the early stages of the project, BSC was able to secure opportunities to test a group of four
apartment units at three discrete points:

e Before renovation work commenced

e After the kitchen replacement, air sealing, and HVAC work were implemented, but
before windows were installed

e After the renovation scope was completed.

Although the intention of the intermediate air leakage testing was to isolate the effect of the air
sealing scope and air sealing associated with the HVAC scope, it was not possible to test the
apartments in a state that isolated these measures. In conjunction with the interior scope of work
that included the air sealing and kitchen replacement, subcontractors also removed trim and
finishes around windows. Sheet plastic had been taped around the rough sill and returns of the
window opening, but this could not replicate the conditions before interior finishes were
removed. The reality evident in this effort is that the kind of choreographed production required
for this scale of project and for occupied rehab is not compatible with precisely sequential
research testing.

Figure 25. Left: Plastic sheeting at sill of window opening billowing inward during
depressurization testing; Right: Plastic sheeting at window jamb return billowing inward during
depressurization testing.

Table 1 is a compilation of airtightness results from the 11 units that were tested before retrofit
work began. These units are located in Buildings 8, 12, and 16. Unguarded test results in four
airtightness metrics are shown for each. This sample represents several unit types with different
surface areas and volumes. These differences are accounted for in the geometry-normalized
results shown in the last three columns.
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Table 1. Pre-Retrofit Results From Buildings 8, 12, and 16

Building, Unit Number and Unit Type | Unguarded | ELA/100 ft? ACHS0 CFM50/ft

(end or middle unit) CFM50 Enclosure Enclosure
Building 8, Unit 31A, middle unit 1796 4.01 11.8 0.63
Building 8, Unit 31B, end unit 1303 2.94 8.1 0.44
Building 8, Unit 31C, middle unit 1802 5.03 11.9 0.64
Building 8, Unit 31D, end unit 1472 3.53 9.1 0.50
Building 8, Unit 35B, middle unit 1786 5.31 11.7 0.63
Building 8, Unit 35D, middle unit 1651 4.36 10.8 0.58
Building 12, Unit 9B, middle unit 1692 4.92 13.0 0.67
Building 16, Unit 18A, middle unit 1185 4.05 9.1 0.47
Building 16, Unit 18B, end unit 830 1.89 6.0 0.31
Building 16, Unit 18C, end unit 1495 6.10 10.8 1.00
Building 16, Unit 18D, end unit 1151 3.12 8.3 0.43

Table 2 shows all post-retrofit testing data. Units tested after the renovation work are located in
Buildings 7, 8, 16, and 17.

Table 2. Post-Retrofit Results From Buildings 7, 16, and 17

Building, Unit Nun?ber and. Unit Type Unguarded | ELA/100 ft ACH50 CFM50/ft?
(end or middle unit) CFM50 Enclosure Enclosure
Building 7, Unit 41A, end unit 563 0.74 B 0.19
Building 7, Unit 41B, middle unit 837 1.54 5.5 0.30
Building 7, Unit 45A, middle unit 1147 1.99 7.5 0.41
Building 7, Unit 45B, middle unit 1066 1.37 7.0 0.38
Building 7, Unit 47A, middle unit 1258 2.90 8.2 0.44
Building 7, Unit 47B, middle unit 1036 2.41 6.8 0.37
Building 7, Unit 49A, middle unit 782 1.66 5.1 0.28
Building 7, Unit 49B, end unit 605 1.22 3.7 0.21
Building 8, Unit 31A, middle unit 842 2.18 B8 0.30
Building 8, Unit 31B, end unit 636 1.27 3.9 0.22
Building 8, Unit 35A, middle unit 870 1.52 5.7 0.31
Building 8, Unit 35B, middle unit 918 2.09 6.0 0.32
Building 8, Unit 37A, end unit 964 1.75 4.6 0.25
Building 8, Unit 37B, middle unit 910 2.25 6.0 0.32
Building 8, Unit 39A, end unit 601 1.21 3.7 0.21
Building 8, Unit 39B, end unit 958 1.24 4.6 0.25
Building 16, Unit 10A, end unit 992 2.26 6.5 0.35
Building 16, Unit 10B, middle unit 1092 2.54 6.8 0.37
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Building, Unit Number and Unit Type | Unguarded | ELA/100 ft? ACHS0 CFM50/ft?
(end or middle unit) CFM50 Enclosure Enclosure
Building 16, Unit 12A, middle unit 1374 2.76 9.0 0.49
Building 16, Unit 12B, middle unit 926 2.13 6.0 0.33
Building 16, Unit 14A, middle unit 889 1.84 5.9 0.31
Building 16, Unit 14B, middle unit 1037 2.54 6.8 0.37
Building 16, Unit 16A, middle unit 1081 2.98 8.3 0.42
Building 16, Unit 16B, middle unit 1011 2.14 7.8 0.40
Building 16, Unit 18A, middle unit 919 1.7 7.1 0.36
Building 16, Unit 18B, end unit 904 1.91 6.5 0.34
Building 17, Unit 2A, end unit 562 1.09 3.5 0.19
Building 17, Unit 2B, middle unit 900 2.10 5.9 0.32
Building 17, Unit 4A, middle unit 971 1.94 6.3 0.34
Building 17, Unit 4B, middle unit 1254 2.93 8.2 0.44
Building 17, Unit 6A, middle unit 878 2.02 5.8 0.31
Building 17, Unit 6B, end unit 636 1.19 3.9 0.22

Unfortunately, it was not possible to test all of the same units that were tested in the pre-retrofit
case (Table 1). The only units for which both pre- and post-retrofit data were collected are
Building 8, Units 31A, 31B, and 35B, and Building 16, Units 18A and 18B. Again, these units
represent a variety of unit types of varying sizes. The change in air leakage measurement for

these five units is shown in Table 3.

Table 3. Direct Comparison of Pre-Retrofit and Post-Retrofit Air Leakage Test Results

Unguarded | ELAM00 ft* | .0 CFM50/ft?

Building and Unit Number, and Unit Type CFM50 enclosure (% change) Enclosure

(% change) | (% change) ¢ 9 (% change)
Building 8, Unit 31A, middle unit -53% —46% -53% -52%
Building 8, Unit 31B, end unit -51% -57% -52% -50%
Building 8, Unit 35B, middle unit —49% —61% —49% —49%
Building 16, Unit 18A, middel unit —22% -58% —22% -23%
Building 16, Unit 18B, end unit 9% 1% 8% 10%

Of these five units, three show a strong reduction in air leakage measurement, one apartment
exhibits a modest reduction, and one actually shows a slight increase. This small sample of pre-
retrofit and post-retrofit air leakage data highlights the variations that are encountered in a
project of this scale, even where, at first glance, the construction appears to be incredibly

uniform and the scope of work repetitive.

Unit 18B in Building 16 had the lowest pre-retrofit air leakage measurement of the apartments
tested. In fact, the normalized pre-retrofit air leakage measurements for this particular apartment

20



U.S. DEPARTMENT OF Energy Efﬁciency &

EN ERGY Renewable Energy

are very close to the average post-retrofit air leakage measurements. Given that this apartment
unit started with a relatively low air leakage measurement, there are factors that could explain
why the post-retrofit air leakage measurement was actually higher for this unit:

e Unit 18B in Building 16 is among a set of units tested early in the construction and
wherein it was discovered that some of the backdraft dampers were not functioning

properly.

e There is natural variability in the effectiveness of the air sealing given the variability of
building conditions and differences among crews performing the work.

During post-renovation scope air leakage testing of the first group of apartments, BSC found a
noticeable amount of airflow through the grille for the new exhaust added to the bathroom and
through the range hood for the exhaust added to the kitchen. The implementation of mechanical
exhaust systems for the kitchen and bath included backdraft dampers in the exhaust ductwork
(supplemental to the backdraft flappers on the bath fan and range hood). However, the
functioning of these added backdraft dampers could be impeded, for example, by ductwork that
is out of round or by debris in the backdraft damper sleeve. After BSC brought these problems to
the attention of the project team, the general contractor accessed the dampers and repaired the
installations where necessary. The general contractor also committed to verifying proper
functioning of each subsequent backdraft damper installed. BSC did not observe apparent
failures of the backdraft damper in testing conducted after the initial group of apartments.6

Even with perfect sealing of the exhaust duct penetrations and supplemental backdraft dampers
in the exhaust duct, it would be reasonable to expect a small amount of leakage around a closed
backdraft damper. Therefore, some amount of net increase in air leakage measurement can be
expected to result from adding two mechanical exhaust systems.

The opening observed at the intersection of the duct riser and duct soffit (see Figure 18 and
Figure 19) provides an example of how variations in the building construction would impact the
construction crews’ ability to implement effective air sealing. Figure 19 shows a wide berth
between the duct riser and the sidewall of the closet. This provided room for the drywall
subcontractor to install a drywall patch to close the face of the duct soffit. In other apartments, it
was observed that the space between the duct riser and sidewall was approximately 1 in., thus
making the drywall patch remediation impossible. In unit 18B of Building 16, which is an end-
unit apartment, this connection between the duct riser and duct soffit occurs at the back of a
narrow closet rather than at the side of a wide and easily accessible closet. As shown in Figure
26, access to this connection is constrained by the geometry of the closet and by tenant
belongings.

% Because of the need to limit additional disturbance of residents, and because of practical limits of research
resources, it was not possible for BSC to return to retest the first group of post-renovation apartments tested.
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Figure 26. Duct riser to duct soffit connection at the back of a narrow closet in end-unit
apartments.

Other more widespread factors would result in air leakage reduction variations. During air
leakage testing, BSC observed that some of the new window units are extremely difficult or
impossible to latch closed. Although the casement units can be cranked closed, air leakage
through the window unit would be less when the latch cams pull the sash against the frame
gasketing. During observation of window installations, BSC noted that the seal between the new
window units and the window opening appeared to vary between window installation crews (see
discussion in Section 5.2.7). From this it might reasonably be inferred that different crews
achieved varying levels of effectiveness in sealing the gap between wood bucks of the window
opening and the masonry opening.

These factors might explain the slight net increase in air leakage measured at unit 18B of
Building 16, but the convergence and magnitude of these factors in this observed case are
unusual.

To gauge the overall impact of the renovation on air leakage performance in the midst of the
observed variability, statistical methods were used to calculate a 90% confidence interval for the
difference between the mean pre- and post-retrofit airtightness results for all Castle Square units.
Using results from the 11 sample pre-retrofit units and 32 sample post-retrofit units, the range of
pre- to post-retrofit improvement achieved for the entire project was estimated. Confidence
intervals are useful for the analysis of sample data meant to represent a larger set. For this type of
project, it would be very unlikely for the project budget to allow pre- and post-retrofit
airtightness testing of every unit.

Ninety percent confidence intervals were calculated for all three of the geometry-normalized
airtightness results included in Table 1 and Table 2: ELA/100 ft? enclosure, ACH50, and
CFM50/ft* enclosure. CFM50, the “raw data” value calculated by blower door testing, was
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omitted because differences in volume and surface area among the apartment units would distort
the comparison.

In Table 4, the “sample mean difference” in the third column is computed by taking the mean of
the pre-retrofit data shown in the first column and subtracting the mean of the post-retrofit data
in the second column. The 90% confidence interval in the last column is computed from the
sample sizes, means, and standard deviations using standard statistical methods. Due to sample
sizes lower than 30, the T-table rather than the Z-table was used. This 90% confidence interval
indicates 90% confidence that the mean difference between pre- and post-retrofit airtightness test
results for all units at Castle Square falls within the intervals specified. The values in these
intervals show significant improvement from pre-retrofit sample means. The ranges do not
contain any negative numbers, which would have meant that that air sealing efforts made the
units more air leaky. For example, the results for ACHS50 show 2.90 to 5.21 as the 90%
confidence interval. This means that we are 90% confident that for all units at Castle Square, the
air-sealing efforts reduced ACHS50 values by an average of somewhere between 2.90 and 5.21
ACHS50 or between 29% and 52%.

Table 4. Statistical Comparison of Pre-Retrofit and Post-Retrofit Air Leakage Test Results

Pre-Retrofit Post-Retrofit Sample Mean 90% Confidence
Airtightness Metric Sample Mean | Sample Mean | Difference (pre- Interval for
9 (based on 11 | (based on 24 retrofit minus Leakage Reduction
units) units) post-retrofit) From Air Sealing
ELA/100 ft enclosure 4.1 1.92 2.20 1.56 to 2.83
ACHS50 10.1 5.99 4.06 2.90 to 5.21
CFM50/ft* enclosure 0.6 0.32 0.25 0.16 to 0.35

Although an overall improvement in air leakage is shown, the goal of 1.25 ELA/100 ft* of
enclosure was achieved for only six of the post-retrofit apartments shown in Table 2. Given the
very limited nature of the retrofit scope relative to the potential air leakage pathways, it is not
surprising that few of the apartments achieved the ambitious air leakage target. Furthermore,
initial testing on sample “mock-up” apartments did not give definitive proof that the
specification was achievable.

As described in Section 4.1, the project scope included the sealing of all penetrations made
accessible with the kitchen renovation. However, most demising wall and exterior wall area was
outside the scope of work. To properly seal these areas it would have been necessary to remove
drywall extensively in the apartment. This extensive and disruptive interior work could not be
accommodated within the project budget and the fundamental project constraint that the units
needed to remain occupied during the renovation.

Supplemental diagnostic testing was conducted on selected apartments post-retrofit. A
comparison of the fully unguarded (adjacent apartments open to exterior) and guarded blower
door air leakage measurements are shown in Table 5. Measurements suggest that interunit
leakage remains a significant component of overall air leakage measurements.
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Table 5. Post-Retrofit Diagnostic Testing for Select Apartments in Buildings 16 and 17

Buildina and Unit Unaquarded Left Side | Right Side Inferred Difference
Nugrlnber (?FMSO Guarded Guarded Guarded Unguarded to
CFM50 CFM50 CFM50 Inferred Guarded
Building 16, Unit 10A q
(end unit) 1092 NA 1039 1039 5%
Building 16, Unit 10B o
(middle unit) 992 955 782 745 25%
Building 16, Unit 12A o
(middle unit) 926 748 786 609 34%
Building 16, Unit 14B o
(middle unit) 1037 933 826 722 30%
Building 16, Unit 16A 2
(middle unit) 1081 654 1017 590 45%
Building 16, Unit 16B i o
(middle unit)* 1011 812 no data 507 50%
Building 16, Unit 18A i o
(middle unit)* 919 614 no data 427 54%
Building 16, Unit 18B o
(end unit) 904 716 NA 716 21%
Building 17, Unit 2A o
(end unit) 562 NA 437 437 22%
Building 17, Unit 4A o
(middle unit) 971 676 735 440 55%
Building 17, Unit 4B 1254 844 1048 638 49%
Building 17, Unit 6A 878 601 671 394 55%
(middle unit)

* Leakage reduction measured at neighboring unit applied as reduction for common demising wall.

Ideally the demising walls would provide a continuous airflow control surface from concrete
floor to concrete ceiling and from the airflow control surface of the exterior wall at the front to
the airflow control surface of the exterior wall at the rear of the apartment. Presently there are
four major deficiencies to this continuity:

e Drywall of the demising wall does not reach the underside of concrete ceiling behind duct
soffits.

e Drywall does not connect to the air barrier surface of the exterior wall (coated CMU or
coated cast concrete) at rear of building. Note: demising wall drywall connected to
exterior wall at front of building through kitchen renovation scope.

e Partitions connecting to the demising wall. In particular, the partition connecting to the
demising wall adjacent to the flue chase appears to represent a significant vulnerability.

e Drywall does not connect to concrete floor slab because of rodent activity or dimensional
gap. The vinyl base is either missing or does not adequately connect the demising wall to
the floor.

The following issues were noted as possible air leakage pathways through or around the airflow
control layer of the exterior wall:
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The wood buck is not properly sealed to the CMU opening. Interior finish would need to
be removed at windows to remedy the problem.

The bathroom exhaust duct may not be properly sealed to the inside surface of the CMU
backup wall.

At locations where the CMU backup wall meets the cast concrete, the frame may not be a
solid mortared connection.

The observations during post-retrofit testing identified factors that, to a greater or lesser extent,
contribute to the post-retrofit air leakage performance. These are unlikely to be significant or
widespread enough to account for the observed difference between measured performance and
the aggressive air leakage targets:

Some of the backdraft dampers inserted into exhaust ducts (supplemental to the flappers
incorporated in the exhaust fans) appeared not to provide robust backflow prevention, as
airflow from exhaust grilles was noticeable during testing in a number of apartments.

Air leakage was felt around installed through-the-wall air conditioners during testing,
through the unit, particularly through the electrical cord opening.

Some new sliding windows would not completely latch.

Door gaskets do not seat completely. It was observed that either the solid wood doors that
were retained or the steel door frames are not completely square. Gasketing and door
sweeps sufficient to perform with the door in the closed position would have prevented
operation of the door in many cases.

At several locations on the second floor walls and soffits, the drywall surface appears to
have settled downward, creating a gap between the drywall and the underside of the
floor/ceiling assembly (Figure 27).

N\

Figure 27. Gaps between drywall and floor/ceiling assembly observed at second floor

5.2 Window Replacement

When

the regular post-mock-up installation of windows began, BSC was called to the site to

review the initial window installations. Despite the care to resolve issues in the mock-up
apartment, several important performance issues emerged.
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5.2.1 Location of Airflow Control

In high performance construction and renovation, it is very important that workers implementing
a measure understand the function of components affected by their work. The window
installation foremen who worked on the mock-up and initial window installations understood the
airflow control and water management function of the components they installed as well as
components of the surrounding assembly.

In an attempt to simplify the window installation, the window installation foremen experimented
at the first apartment window installation with using the expanding foam sealant for the flashing
membrane substrate.

Figure 28. Left: Expanding foam sealant installed to bridge the cavity between the brick and the
CMU; Right: Expanding foam sealant trimmed to provide substrate for flashing membrane.

The risks inherent in this approach are twofold. First, there is no opportunity to visually verify
the air seal at the critical juncture, that is, between the CMU opening and the wood bucks.
Second, where the foam sealant bridges the brick cavity, this could lead to the mistaken
interpretation by subsequent installation crews that the brick is the airflow control layer. With the
weep holes and generally porous nature of the brick, it is not an air barrier component.

After reviewing this alternative with BSC personnel, the subcontractor agreed that using the
wood buck off-cut is preferable and would be the method employed on the remainder of the job.

5.2.2 Varying Size of Opening and Consequences for Sill Flashing

The general contractor had been aware that the window sizes varied subtly throughout the
development. Before placing the first large window order — windows for nearly half the complex
— the general contractor measured every window in the complex.

At the first apartment where windows were installed as part of the regular construction process,
problems with the size of the window became apparent. Although the windows fit within the
rough openings given by the existing wood bucks, the height of the stone sill at the exterior
relative to the height of the sill buck varies. For the sill flashing to be above exterior sill trim
and/or slope onto the exterior sill trim, the window openings require varying amounts (heights)
of blocking at the sill. Because of the tight tolerances of the window size relative to the rough
opening, the window installers were not always able to install sufficient blocking to raise the sill
flashing above the exterior trim (see Figure 29 and Figure 30).
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Figure 29. Sill blocking even with height of exterior sill prior to installation of exterior sill trim
piece.

Figure 30. Left: Exterior sill trim above height of sill blocking; Right: Back-sloped sill trim.
This situation with the position of exterior elements relative to the window opening would have
been difficult to recognize from the interior.’ It is presumed that, when windows throughout the

complex were measured, they were typically measured from the interior, as exterior access to
most of the windows would have required a ladder or lift.

After the initial window order, the general contractor adjusted the height of windows in
subsequent window orders for the project.

7 In a structure where the brick is supported independently of the concrete frame, creep may have been considered a
factor in the elevation of the exterior sill above the sill in the masonry opening. In this structure, the brick wall is
constructed as infill between concrete frame elements, including concrete slabs that interrupt the brick at each floor,
so creep is not considered an important contributor to the problematic placement of the exterior sill relative to the
window opening.
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5.2.3 Room for Proper Seal at Window Head

Another issue related to the window size tolerance is the implementation of the weather seal at
the window head. The head of the window opening is the concrete slab forming the ceiling of the
apartment and floor of the unit or space above. The window is set back from the edge of the slab.
At most of the window openings, a reglet in the bottom of the slab provides a drip edge.
Protection from driven rain or water that clings to the underside of the slab is provided by a
sealant joint at the window head. Due to the constrained space of the window opening relative to
the vertical dimension of the window and the need for blocking at the sill, the head of the
window unit was typically very tight to the slab ceiling. In many observed cases, the only sealant
joint possible at the window head was a fillet bead. A fillet bead is very reliant on adhesion to
substrate to provide a good seal. Such adhesion may not be robust in situations where the
substrate is not clean as would be expected in a retrofit situation (note limitations on cleaning of
the substrate discussed in Section 5.2.5).

During a series of window leakage tests conducted on behalf of the window manufacturer, one of
the windows tested was found to leak at the head of the window where a fillet bead seal had
failed. BSC advised that the window head be shimmed down from the top of the window
opening to allow for a design joint of backer rod and sealant but that this should only be done if
the sill pan flashing can be maintained above the exterior sill trim (see Appendix G).

5.2.4 Corners of Sill Pan Flashing

The flashing of the window opening was executed entirely of nonformable self-adhered
bituminous membrane. In general, the installing subcontractor did well to push the membrane
into corners to avoid tenting of the membrane. With the extremely tight sizing tolerance on many
of the windows, there is a danger of tearing the sill pan corners when the window unit is pushed
into the opening (see Figure 31).

Preformed corner pieces would be preferable to a membrane for the sill pan flashing as these
would be less likely to be abraded, cut, or torn by the corners of the window during window
installation.

Figure 31. Corner of sill pan flashing in a very tight spot. Note that backing is left on the portion of
the flashing membrane to the inside of the window to facilitate turning the membrane up at the sill
to form a back dam.
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5.2.5 Adhesion of Flashing Membrane

On some of the early window installations, the bituminous membrane used for the window
flashing was not consistently adhered to the brick surface at window jambs (see Figure 32). The
risk of this situation is that, should water get past the outer sealant joint between the window
frame and the brick, it would be directed into the wall cavity or to the rough opening framing
rather than into the sill pan flashing at the bottom of the window opening.

Some techniques that may be typically applicable in retrofitting flashing to brick masonry were
not viable for this project. Regletting of the brick was not considered because this would have
added a significant complication to the already involved installation procedure. Dust generated
by cutting or grinding of the brick would have been a problem given that apartment units were
occupied. With the presence of older asbestos-containing caulking around the window opening,
it was necessary to minimize disruption of the brick returns at the window opening. Because the
face of the window is inset from the face of the single-wythe brick, there is very limited surface
area for a concealed or protected flashing to adhere.

It is possible that dust and debris on the brick surface prevented good adhesion of the membrane.
In this project, it was not possible to scour the brick clean because of the presence of asbestos-
containing caulk on the brick around the window opening. A liquid-applied primer may have
helped with the adhesion of the membrane. It is also possible that a membrane better suited to
adhering to irregular surface would provide a more robust jamb flashing for the window opening.
BSC recommended that the installation incorporate the use of a liquid primer at the brick
openings.

Figure 32. Jamb flashing membrane poorly adhered to brick substrate as evident in gaps between
the membrane and the brick.
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5.2.6 Location of Weeps for Window Opening

The window units have a means to drain water through weep holes formed into the window
frame. The window openings must also be allowed to drain any liquid water that accumulates in
the opening. BSC explained to the window installation subcontractor, general contractor, and
owner’s representative that the weather seal is to be made continuous at the exterior edge of the
window frame on three sides (top and sides) to allow drainage by gravity at the bottom and that
the air seal is to be made continuous at the interior edge of the window frame on all four sides.

The replacement window installations at Castle Square include a snap-in closure piece at the
bottom of the window. The bottom edge of this closure piece is flexible to allow the closure
piece to conform to irregularities of surface. The plastic closure piece fit like a squeegee over the
aluminum sill trim at some installations. At other installations, there was a noticeable gap under
the closure piece. Where the closure piece fit tight against the aluminum sill trim, it essentially
acted as a weather seal that would prevent the window opening from being able to drain. The
initial advice from BSC to provide for some drainage of the window opening was to stop the
sealant joint at the jambs short of the sill trim (see Figure 33).

The weep opening at the corner also provided a potential path for rainwater entry at precisely the
most vulnerable location of the window opening. BSC recommended to the project team to
continue the sealant joint at the jamb down to the sill trim and provide weeps for the window
opening by notching the closure piece with a “V” cut at roughly the % points from to either side
of the sill closure (see Appendix G). BSC also recommended that the sealant joint continue along
the joint between the sill trim and the brick return at either side of the sill.

Figure 33. Sealant joint stopped short to allow drainage also presents potential path of water
entry.
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Figure 34. Left: Sealant joint between sill aluminum sill trim and brick, and “V” cut weep notched
into sill trim closure; Right: Weep holes at ' points of the sill closure trim.

5.2.7 Air Sealing at Window Interior

The window installation subcontractor had used a low-expansion foam sealant to air seal the
interior window perimeter. It is noted that the foam sealant can create an obstruction to
subsequent finish work and that the expansion of the foam sealant sometimes causes voids in the
sealant joints. In other observed instances, the foam sealant fails to completely seal the window
to the opening. From the variability in the air seal effectiveness evident to visual observation, it
appears that effectiveness of “canned foam” air sealant is highly dependent on skill of
application.
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Figure 35. Left: Expanding foam sealant at window jamb and fillet bead of sealant at head of early
window installation; Right: Poor seal at window perimeter with gaps permitting view to outside.

The series of window leakage tests conducted by the window manufacturer highlighted the
importance of the perimeter air seal at the interior edge of the window frame in resisting
pressures and air flow that has the potential to carry water through the opening. Where the gap
between the window frame and the rough opening is sufficiently uniform, backer rod and sealant
supplemented with sealant around window attachment brackets can be expected to provide a
more robust air seal than foam sealant.
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6 BEopt Modeling

6.1 Multifamily Modeling Abstractions

Energy modeling is used to analyze the predicted performance of a representative end-unit
apartment and of a representative middle-unit apartment. The representative units are two-story
walk-up apartments, as is the nearly universal condition within the low-rise portion of the Castle
Square development.

The geometries of multifamily and attached housing present several challenges when modeling
these homes in BEopt. There are also difficulties in modeling mechanical systems shared by
multiple dwelling units.

Enclosure surfaces shared in common with another dwelling unit are assumed to be adiabatic;
however, this condition cannot be directly represented in BEopt. The problem is actually
twofold: it is not possible to specify an adiabatic surface, and all walls must have the same
construction. The selected workaround is a fictitious garage with very high R-value walls. This
permits specifying which walls are adiabatic, but only on the first floor.

The apartment units that are the subject of this project have occupied units adjacent on one or
both sides, as well as above. The adiabatic ceiling is modeled as an R-100 assembly. Given that
the walls are below R-5, this ceiling input is a reasonable approximation of relative enclosure
conduction losses and gains.

To negotiate the limitations on adiabatic walls, the two-story apartment units are modeled as
having only one story, keeping finished floor area constant. This results in the correct exposed
wall area for the end unit. Having reduced the model to a single story, the fictitious garage can be
used to simulate the second adiabatic demising wall of the middle unit.

Modeling the two-story apartment as a single story doubles the roof and floor areas. As no
insulation can be added to the ceiling or floor in the actual project, the modeling abstraction is
expected to have minimal effect on the determined optimal path. The increased area is, however,
expected to increase the heat loss of the model relative to the actual building.

BEopt allows window areas to be specified per orientation, so the solar gains should be accurate
despite the nonliteral geometry. However, a small error is introduced by the solar gains on
opaque wall areas.

The mechanical systems are described in the simulation tool using system types available in the
software and having efficiencies similar to those expected from the actual systems. A high-
efficiency gas-fired boiler will provide both space heat and domestic water heating in these
housing units. One boiler and one storage tank (heated by the boiler) will serve groupings of two
or four apartment units. Each apartment has an air handler with a hot water coil connected to the
boiler. BEopt does not directly model this system configuration. Gas combustion systems with
similar efficiency were selected to represent both the heating system and the water heating
system.
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The space heating system is modeled as a furnace because duct leakage is significant. Prior to the
retrofit, the ducts were very leaky, as measured by depressurization, and partly located in a
vented mechanical room. The new boiler is sealed combustion, allowing the mechanical room to
be closed off from the exterior (louver removed from door and door gasketed), and these ducts
and air handling equipment effectively brought into interior, semiconditioned space. The boiler is
expected to operate in condensing mode much of the time during space heating. The heating
equipment is therefore represented in the model as a furnace with 92% energy factor (EF).
During DHW production, condensing operation at the boiler is unlikely, so the water heating
system is represented as a tankless water heater with efficiency close to 82%. Because one tank
is shared among several apartments, storage losses are a small fraction of total DHW gas use.

The exhaust-only ventilation system was straightforward to model in BEopt, as were the lighting
upgrades. The air conditioners are through-wall units permanently installed in a flashed and air-
sealed sleeve. The performance of the pre-retrofit air conditioners is unknown. Some units
lacked cooling, and many installed units were intended for windows. Through-wall installation
of window air conditioners compromises airflow over the outdoor coil, so the actual performance
is likely much worse than the rated or modeled SEER.

Aside from the walls shared with other dwelling units, the enclosure was relatively
straightforward to model. The slab and uninsulated masonry walls were described using existing
BEopt assembly library entries; windows were specified using National Fenestration Rating
Council ratings.

6.2 Modeling Inputs
Inputs used to describe the building components for the existing conditions case, post-retrofit
case, as well as for selected alternatives are presented with the cost information used in Table 6.

Table 6 presents inputs used to describe the building components for the existing conditions
case, post-retrofit case, and for selected alternatives with the cost information. In most cases, the
measure cost was calculated as the sum of several line items in the builder's requisition. In cases
where necessary detail was not available, a best estimate is used based on the larger work scope
in which the energy-saving measure was included.
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Table 6. Selected BEopt Modeling Inputs

Building Pre-Retrofit Post-Retrofit Parameter Cost of Cost Source
Component Parameter and Alternatives Upgrade
Brick and block
ir::tae\:ilg' \é\lt?grmlit:g No change. Input as:
Walls and wall board. 6-in. hollow CMU; no N/A N/A
Input as upgrade
6-in. hollow CMU
: U = 0.45, _ _ $150/ft* of
Windows SHGC = 0 55 U=0.2, SHGC =0.17 window Installed cost
Alternate: Double-glazed $146/f2 Alternate product
U =032, SHGC =0.30 quote
$4.80/ft” of
Infiltration 8.1ACH 50 5.9 ACH 50 conditioned Installed cost
floor area
Hydro-air system with
shared condensing boiler
Heating Gas furanace, and variable speed blower
System 78% AFUE air handler per apartment. $10,076 Installed cost
Input as:
Gas furnace, 92.5% AFUE
0,
Duc_:t 30% Ieakage o 7% leakage to outside $1,607 Installed cost
Sealing outside
Cooling Assorted PTACs
System Input as SEER 10 SEER 13 $1,006 Installed cost
BSC estimate,
Ventilation None 100% of 62.2, CFIS $700 with input from
contractor data
L 60% fluorescent 100% Fluorescent,
Lighting hardwired hardwired $656 Installed cost
Indirect-fired storage tank
supplied by high-efficiency
DHW Heater Gas EF 0.59 gas boiler. Input as: $1,193 Installed cost
Gas tankless, EF 0.82

6.3 Modeling Results
The simulation model predicts that the renovation scope will result in 16% source energy use
reduction for the representative end-unit apartment.

In Figure 36 and Figure 37, the cost data for each measure are entered as the total cost for
relevant scopes of work. The advantages are that these costs are specific to this project, and
known to the owners. The cost for each measure is given in Table 6.
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Figure 36. Representative end-unit apartment BEopt results for as-designed condition and

selected alternatives.
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Figure 37. Representative middle-unit apartment BEopt results for as-designed condition and

selected alternatives.

Ideally, an alternate cost would be available for each measure, corresponding to the work scope,
which would have been performed at this time as part of regular periodic maintenance of the
buildings, without special concern for energy performance. Regular maintenance of this sort,
typically on a 15-20 year schedule, is a normal part of multifamily budgeting. Using scheduled
maintenance as a baseline for the cost and energy savings of the retrofit would likely give
answers more useful for decision making.

For example, the building owners (CSTO and Winn) had determined a need to replace the
windows during this refinancing cycle for nonenergy reasons. The reported incremental cost of
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the R-5 windows relative to windows that would otherwise meet requirements is less than 2% of
the total installed cost. Figure 38 compares the annualized energy-related costs using the all-in
cost to those using the incremental cost. This graph essentially compares the annualized energy-
related costs under two measure cost scenarios. In the first scenario, the total cost of the high
performance measure is assigned as an energy-related cost. In the second scenario, only the cost
increment for the high performance measure relative to “what the project would have done
anyway’ is assigned to the measure.
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Figure 38. Castle Square low-rise or “garden” apartments.

Another factor important to this window measure is that, proper detailing and remediation
contributed significantly to air leakage reduction. In scenarios 3 and 4 shown in the graph, a
significant portion of the overall air leakage reduction benefit is assigned to the window
measure.

As represented in this graph, a so-called energy savings cost effectiveness analysis using the
energy-modeling tool produces radically different results, depending on what is determined to be
the incremental energy-related cost of the measure and on which benefits are assigned to the
measure. Furthermore, the large region of cost effectiveness representations for this single
measure considers only the energy-related benefits. Clearly any cost analysis must be specific as
to what incremental energy-related cost and benefits are used for each measure, and must
acknowledge important value criteria that cannot be captured in the analysis.
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7 Recommendations for Future Work

7.1 Indoor Air Quality Assessment

One of the objectives that the residents and owners sought to achieve with the renovation is
improved IAQ. Prior to the retrofit, there was widespread discontent associated with cooking
odors from neighboring apartments. Cooking odors may also be interpreted as a surrogate for
airborne contaminants more generally.

Surveys of resident perception relative to IAQ and possibly monitoring and measurement, would
help to substantiate the success of the renovation work in improving conditions. Comfort and
IAQ are likely to be perceived as more strongly correlated to resident satisfaction than energy
savings. As such, building users and owners may be more likely to pursue investments in
measures seen to benefit comfort and IAQ.

As of this writing, the CSTO has initiated a survey of residents to gather perceptions about the
project and about performance issues in terms of thermal comfort and IAQ. Preliminary feedback
from residents indicates the problems with odor transmission between apartments are reduced
but not eliminated.

Assessments or research that can help to establish the positive attainment of comfort and IAQ
improvements will enable this stronger motivation to be harnessed for measures that also
improve energy performance.

7.2 Thermal Comfort and Ventilation

During the first winter of operation (concurrent with this writing), CSTO and Winn management
received complaints that the ventilation system causes apartments to become very cold at night.
One particular complaint is that the toilet, which has a supply register adjacent to it, becomes
very cold at night. Whether temperatures within the apartment decrease appreciably or whether
the thermal comfort perceptions stem from air distribution patterns is unknown. It could also be
that new digital thermostats are programmed with an aggressive setback that suppresses calls for
heating during night hours and therefore reduces the opportunity for ventilation supply to operate
in conjunction with heating.

It is also not known whether distributed mechanical ventilation might reduce the seasonal need
for air conditioning in warmer months.

7.3 Generic Details

Details and implementation procedures were developed to respond to the specific conditions of
this project. Given the widely recurring need for window replacement in this general building
type, generic window replacement details would be of benefit to the goal of reducing energy use
in this building type. In addition to generic versions of details for drained cavity wall assemblies
such as are represented by this project, it would be important to develop guideline details for
other common assemblies such as mass masonry construction. Details that address the phasing,
or implementation of retrofit over the course of discrete projects would also be useful to this
building type.
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8 Conclusions

8.1 Visually Verifiable Details

Both the air sealing work and the window replacement highlighted the importance of details and
sequence that allow for visual verification of work. This is important, not just for quality control
purposes, but also to enable the person doing the work to be able to verify that the measure is
properly implemented.

8.2 Identify Control Functions in Design Documentation

The construction documents for the project included many specific instructions relative to air
sealing measures. The benefit of specific instructions can be built upon by instructions that
clearly identify which layers or components of construction assemblies are intended to serve
critical functions of water, airflow, vapor, and thermal control. This would enable contractors
faced with unforeseen conditions in the field to more readily identify (or improvise) solutions
that are consistent with design intensions.

8.3 Size Window To Accommodate Improved Water Management and Air Sealing
The challenges encountered relative to the size of replacement windows illustrate the need to
consider necessary mitigation incorporated into the component replacement. The replacement of
windows was taken by the project as an opportunity to provide necessary improvement to water
management of window openings. Measures providing water management may not (as in this
case) be evident in existing window installations. Therefore, the geometries that determine the
proper size of the replacement window will not be the same as those that dictated the size of
existing windows. In particular, the sizing of replacement window units must consider the space
needed for appropriate flashing and drainage of the opening. The selection of window size must
also consider the space needed for proper weather seals and air seals; i.e., the installation should
accommodate a full design joint rather than provide clearance for a fillet joint only.

8.4 Large-Scale Occupied Renovation Projects Are Not Conducive To Isolating
Measure Impact
The research project hoped to be