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ABSTRACT

In Pittsburgh, PA, a building envelope consulting firm worked with two project

teams to conduct whole building envelope air leakage testing on two dissimilar

projects. Both the testing efforts and the expertise of the project teams provided

many valuable lessons regarding air leakage testing and its impacts on the

construction process and on building performance. One of the projects was the

new construction of a relatively small (24-unit) apartment building; this was

the first apartment building in the United States to receive Passive House

PHIUSþ certification. The other project is a large, historic church building, where

whole building envelope air leakage testing, along with an integrated smart

building infrastructure system consisting of an enhanced whole building energy

model, digital utility meters, air quality sensors, a weather station, and a

dashboard interface, will deliver dramatic improvements in energy use, thermal

comfort, and indoor air quality. With perspectives from an envelope consultant,

a contractor, and an energy systems integrator, this paper will describe the air
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leakage testing and reporting of results for each building. For the apartment

building, the paper will focus on above-code program compliance, preferred

testing methods for multifamily residential buildings, coordination of air leakage

testing with construction scheduling and sequencing, and the value of test

results and envelope commissioning during construction. For the existing church

building, the paper will focus on feasibility of testing large buildings,

interpretation of test results, relationship to energy modeling procedures and

results, energy savings, and return on investment.

Keywords

building envelope air leakage, Passive House, smart building infrastructure,

building energy retrofit, building energy modeling, building enclosure

commissioning

Introduction

Drivers for building air sealing are as diverse as the buildings themselves, but all
high-performing buildings strive to provide good indoor air quality and thermal
comfort while minimizing energy demands.1 Although myriad techniques aim to
achieve these goals, this paper focuses on the ability of airtightness to reduce the
energy use intensity (EUI) of the subject buildings. There is a long history of air
leakage testing for single-family residential dwellings, but decidedly less research
has been done on the commercial, institutional, and multifamily residential build-
ing stock.2 This case study uses well-established benchmarks to evaluate the
airtightness of two dissimilar, large buildings in Pittsburgh, PA.

Construction of Uptown Lofts North, a 24-unit apartment building, began in
2014 and ended in 2015. This building of moderate size is significant because it was
the first apartment building to be certified in the PHIUSþ certification program
from the Passive House Institute US. The East Liberty Presbyterian Church build-
ing is a cathedral-like structure built in the Gothic style in 1935, occupying an entire
city block. One building envelope consulting firm conducted whole building enve-
lope air leakage tests on both buildings. These two buildings represent distinctly
different points in the range of large buildings in which whole building envelope air
leakage tests have been conducted.

The construction manager for the Uptown Lofts North building and the
owner’s representative for the East Liberty Presbyterian Church building renovation
were both actively engaged in the envelope air leakage testing of these buildings.
They offered their perspectives on these projects, along with the building envelope
consulting firm, to add to the body of knowledge about whole building air leakage
testing.

In both of these buildings, the building envelope consulting firm used methods
from ASTM E779, Standard Test Method for Determining Air Leakage Rate by Fan
Pressurization,3 to conduct quantitative envelope air leakage testing and reporting,
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and methods from ASTM E1186, Standard Practices for Air Leakage Site Detection
in Building Envelopes and Air Barrier Systems,4 to identify and report on envelope
air leakage locations.

These case studies will provide lessons on several topics within the subject of
whole building air leakage testing, including the following:

• factors affecting the selection of the air leakage testing team;
• the relationship between envelope air leakage testing and construction

sequencing;
• possibilities for, and limitations on, whole building envelope air leakage test-

ing in large buildings;
• recommended air leakage testing methods for multifamily residential

buildings;
• appropriate methods for interpretation of test results;
• differences in how energy modeling software packages incorporate air leak-

age testing data;
• impacts of whole building air leakage testing on project design and work

scope development;
• project team’s comprehension of, and corrective actions based on, air leak-

age test reports;
• energy savings achieved in projects in which project teams have conducted

whole building air leakage testing;
• recommendations for increasing testing agent involvement through the full

duration of the project; and
• recommendations for thoroughly incorporating airtightness requirements

into construction documents and project financing packages.

Case Study: The Uptown Lofts North

Apartment Building

PROJECT DESCRIPTION

The Uptown Lofts North building is a 24-unit, three-story apartment building, with
approximately 26,000 ft2 (2,415.5 m2) of conditioned space inside the envelope air
barrier (figure 1). Its structure is a structural steel and concrete block podium with
wood framing from the second-floor walls up through the roof. All of the apart-
ments are on the second and third floors, and the first floor contains community
and administrative spaces. An un-conditioned parking area is located at one end of
the first floor.

The following is a more specific listing of the building envelope assemblies used
at the Uptown Lofts North building:

Foundation wall assembly: 16-in. (396.9-mm) nominal thick grouted and rein-
forced concrete block, with membrane waterproofing and drainage board on the ex-
terior face, and 5-in. (127.0-mm) (R ¼ 25.0 ft2 �F/Btu or 4.4 m2�K/W) extruded
polystyrene insulation board on the interior face.
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First floor assembly: 4-in. (101.6-mm) thick reinforced concrete slab on grade,
with 15-mil (0.4 mm) thick polyethylene vapor retarder and 5-in. (127.0-mm)
(R ¼ 25.0 ft2 �F/Btu or 4.4 m2�K/W) extruded polystyrene insulation board below
the concrete slab.

Typical first-floor exterior wall assembly: 8-in. (193.7-mm) nominal thick
reinforced concrete block, with spray-applied vapor-permeable air barrier, 4-in.
(101.6-mm) (R ¼ 25.0 ft2 �F/Btu or 4.4 m2�K/W) polyisocyanurate insulation
board, 1-in. (25.4-mm) airspace and 4-in. (92.1-mm) nominal decorative con-
crete masonry units on the exterior face, and 1-in. (25.4-mm) airspace, 4-in.
(88.9-mm) nominal deep wood framing with studs 24 in. (609.6 mm) on center,
with (R ¼ 13.0 ft2�F/Btu or 2.3 m2�K/W) unfaced fiberglass batt insulation, and
5/8-in. (15.9-mm) painted gypsum wallboard on the interior face.

Second-floor assembly: 4.5-in. (114.3-mm) reinforced lightweight concrete on
vented metal deck bearing on the top of the reinforced concrete block exterior walls,
and on steel beams, which bear on the bottom of beam pockets in the reinforced
concrete block exterior walls, and on steel columns at the building interior.

Typical second- and third-floor exterior wall assembly: 6-in. (139.7-mm)
nominal deep wood framing with studs 24 in. (609.6 mm) on center, with 0.50-in.
(12.7-mm) thick oriented strand board sheathing, spray-applied vapor-permeable
air barrier, 3-in. (76.2-mm) (R ¼ 21.0 ft2�F/Btu or 3.7 m2�K/W) polyisocyanurate
insulation board, and an exterior finish of either (1-in. [25.4-mm] airspace and 4-in.
[92.1-mm] nominal decorative concrete masonry units) or (5/8-in. [15.9-mm] thick
cement fiber rainscreen panel with 10-mm clip on a 3-in. [76.2-mm] thermally isolated

FIG. 1 Exterior view of the Uptown Lofts North apartment building.
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bracket system) on the exterior face, and (R ¼ 21.0 ft2�F/Btu or 3.7 m2�K/W) unfaced
fiberglass batt insulation between the wood studs, and 5/8-in. (15.9-mm) painted
gypsum wallboard on the interior face.

Roof assembly: Thermoplastic polyolefin (TPO) roof membrane, 0.50-in.
(12.7-mm) thick gypsum insulation protection board, two layers of 4-in. (101.6-mm)
(R ¼ 25.0 ft2�F/Btu or 4.4 m2�K/W) polyisocyanurate insulation board with stag-
gered and taped seams (total polyisocyanurate insulation R ¼ 50.0 ft2�F/Btu or
8.8 m2�K/W), 6-mil (0.2-mm) polyethylene sheet vapor retarder, 0.75-in. (19.1-mm)
plywood roof deck, open web steel trusses 24 in. (609.6 mm) on center, and 6-in.
(152.4-mm) (R ¼ 21.0 ft2�F/Btu or 3.7 m2�K/W) blown-in cellulose insulation resting
on a 5/8-in. (15.9-mm) painted gypsum board ceiling.

The architect for the Uptown Lofts North building took great care in construc-
tion detailing to maintain continuous water, vapor, air, and thermal boundaries
around the whole building envelope, ensuring that the materials for all these types
of boundaries were lapped together and sealed properly. For brevity, we will not
describe all of the building envelope details in this paper.

The Pennsylvania Housing Finance Agency (PHFA) awarded Low-Income
Housing Tax Credits to this project’s developer. These tax credits were the most
important source of funding for the project. A primary factor in PHFA’s decision to
award the tax credits was that the developer agreed to design and construct the
building to be certified as a passive building by the PHIUS. PHFA requires energy
efficiency in buildings it finances to enhance housing affordability for occupants.
The PHIUSþ certification standard is one of the most stringent above-code building
energy-efficiency standards.

For the duration of this project, however, PHIUS had not yet developed a
multifamily certification protocol; the PHIUSþ certification protocol used for this
project had been developed to certify single-family homes. This affected multiple
aspects of the verification process for this building because of its many significant
differences from single-family home design and construction. The project team met
as many of the PHIUSþ certification criteria as possible in a multifamily building;
one of those criteria being that whole building envelope air leakage must be equal
to, less than, or rounded down to 0.6 ACH50 (air changes per hour at 50 Pa indoor–
outdoor pressure difference).

Uptown Lofts has a net volume of 234,834 cubic feet (6,650 m3). Based on
this net volume, we can translate 0.6 ACH50 to a blower door fan flow target of
2,348 CFM50, or 3,990 m3

50/hr. For the purposes of this paper and building
science best practice, however, it is better to use the more accurate metric of
envelope air leakage volume per unit of envelope surface area per unit of time.
Additionally, it is better to use an indoor–outdoor pressure differential of 75 Pa
rather than 50 Pa in the air leakage metric, because a test pressure differential
of 75 Pa can yield a more accurate test result, and because large-building air
leakage benchmarks are more commonly expressed as airflow at 75 Pa pressure
differential.
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We are able to translate airflow at 50 Pa to airflow at 75 Pa using the simplified
formula:

Flow@dPy ¼ [(dPy/dPx)̂ 0:65] � Flow@dPx, (1)

where:
dP ¼ indoor–outdoor pressure differential.

Using the formula in equation (1), the blower door fan flow target of 2,348
CFM50, or 3,990 m3

50/h translates to a blower door fan flow target of 3,056 CFM75,
or 5,193 m3

75/h.
Using Uptown Lofts’ construction drawings, we tallied a total gross envelope

surface area of 31,915 ft2, or 2,965.0 m2 for this building. Dividing the blower door
fan flow target by the building’s envelope surface area shows that, for Uptown Lofts,
the PHIUSþ maximum envelope air leakage of 0.6 ACH50 translates to 0.096
CFM75 per square foot of envelope surface area, or 1.751 m

3
75/(m

2 h).
In the Passive House Planning Package (PHPP) energy modeling tool used

for PHIUSþ evaluation, the Certified Passive House Consultant (CPHC) enters
the envelope air leakage test results directly into the model. The PHPP energy
model uses air leakage test results to calculate air infiltration’s effects on building
energy use.

Because of the PHIUS’ prescribed structure for the PHIUSþ certification pro-
ject team, the PHIUSþ on-site verifier was not responsible for reviewing construc-
tion drawings or for quality assurance (QA) of the envelope air barrier design.
PHIUS assigned this task to the CPHC, a firm located several hundred miles away
from the project site. Because of this structure, the on-site verifier had minimal
ability to positively affect the building envelope design and did not have a complete
understanding of the air barrier system before on-site observations.

The design specifications for this project prescribed field quality control (QC)
requirements in multiple locations. The Quality Requirements specification for the
project included a paragraph on PHIUSþ and related ENERGY STAR Homes tests
and inspections, which stated the quantitative test target requirements. The Fluid-
Applied Air Barrier specification listed ASTM E7793 quantitative air leakage testing
and ASTM E11864 qualitative air leakage site detection. The same section of the
specification stated, “Air barriers will be considered defective if they do not pass
tests and inspections.”

The envelope test procedures and result requirements were not listed in a single
location in the project specifications. If there had been an enclosure commissioning
specification section in the project manual, all test procedures and requirements
likely would have been listed in a single location. The Passive House verifier
described the test procedures and required results to the construction manager
through a discussion and written agenda in a Passive House verification orientation
meeting held with the owner, the architect, and the construction manager. The
passive house verifier conducted this orientation meeting on June 10, 2014, when
exterior wall, roof framing, and sheathing were almost complete.
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Air Leakage Testing Method, Equipment,

and Procedures

For all projects, PHIUS requires an automated blower door test at completion of
construction. The automation consists of a laptop computer running software that
enables the computer operator to control up to sixteen blower door fans from the
computer, while the software simultaneously records the pressure differentials and
airflows at the remotely controlled fans. The blower door instructions in the 2012
PHIUSþ Certification Packet refer to the European testing standard DIN EN
13829,5 which is similar to ASTM E779.3

In addition to the computer-controlled final blower door test, PHIUS recom-
mended, but did not require, a preliminary blower door test, which could be either
manually controlled or automated.6 The goal of the preliminary test is to identify
defects in the primary air barrier system before it is covered by other building
materials.

Note that in buildings larger than single-family homes, many contractors must
significantly modify their typical construction sequencing to produce a complete,
whole building air barrier system that can be tested before any parts of the primary
air barrier are concealed by other materials. The logistics of scheduling and pro-
perly conducting the envelope air leakage tests went quite smoothly for this project,
compared with the testing agent’s experience in other large building projects. The
construction manager adjusted construction sequencing to facilitate the preliminary
envelope air leakage test, installing all windows before covering any part of the
primary air barrier membrane, and delaying HVAC rough-in to avoid envelope
penetrations. Because of concerns about potential damage during the remainder of
construction, the contractor did not install exterior doors before the preliminary
envelope air leakage test.

At the Uptown Lofts North Building, the Passive House verifier conducted
both preliminary and final whole building envelope air leakage testing using the
computer-controlled test procedure. The Passive House verifier used two blower
door fans; one at the east end of the building and one near the west end of the
building (figure 2). As the project specifications required, the Passive House verifier
largely followed ASTM E7793 multipoint test procedures. For air leakage site detec-
tion, the Passive House verifier followed ASTM E11864 inspection procedures,
using a smoke pen and a Flir infrared camera (figures 3 and 4).

Air Leakage Test Results and Reporting

The preliminary envelope air leakage test showed approximately 13 % less whole
building envelope air leakage than the target. The Passive House verifier still
searched for air leakage locations, and found some, sharing them with the other
project team members in a written and illustrated report. The architect and con-
struction manager took corrective action based on the preliminary envelope air
leakage test report, sealing identified air leakage locations.
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FIG. 2 Blower doors and computer control station.

FIG. 3 Smoke pen showing air leak.
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Table 1 shows that the preliminary envelope air leakage test yielded the lowest
envelope air leakage result for the duration of the project. In the five months
between the preliminary test and the first attempt at the final test, project manage-
ment staffing changes by the construction manager, along with on-site sub-
contractors making penetrations in the air barrier system, caused the envelope air
leakage to increase to 59 % more than the preliminary envelope air leakage test
result, and 39 % higher than the envelope air leakage target.

This caused a great deal of concern for the project team. The Passive House
verifier produced a report describing seven air leakage locations found during the
test. The construction manager found additional leakage locations that the Passive
House verifier did not find during the one-day test. The construction manager
spent approximately 230 h, as well as material costs, finding and sealing envelope
air leaks. Many of these air leaks were at the first-floor exterior walls, where various
items had penetrated the walls after the preliminary envelope air leakage test. Some
of the leaks occurred where energy recovery ventilator intake and exhaust ducts

FIG. 4 Infrared image showing air leak.

TABLE 1 Whole building envelope air leakage test results at Uptown Lofts North.

Date Description Result Result Result

7/21/2014 Preliminary 0.524 ACH50 0.084 CFM75/ft2 1.530 m3
75/(m2 h)

12/22/2014 Final, first attempt 0.834 ACH50 0.133 CFM75/ft2 2.434 m3
75/(m2 h)

1/29/2015 Final, second attempt 0.634 ACH50 0.101 CFM75/ft2 1.851 m3
75/(m2 h)
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penetrated upper-level exterior walls. The construction manager used closed-cell
spray foam, caulk, and other materials to seal air leakage locations.

Five weeks after the first attempt at a final envelope air leakage test, the Passive
House verifier returned and conducted a second final test, with results 24 % lower
than the previous test. These results could be rounded down to the PHIUS-required
maximum envelope air leakage of 0.6 ACH50 (equivalent to 0.096 CFM75/ft

2 of
envelope surface area, or 1.751 m3

75/(m
2 h), for this building). The test result

obtained on January 29, 2015, met the PHIUSþ envelope airtightness requirement.
PHFA also required the project team to develop Home Energy Rating System

(HERS) Indexes for a sample set of individual apartments within the building. One
input for the HERS Index is dwelling unit envelope air leakage. Therefore, the
Passive House verifier also conducted blower door tests on selected individual
apartment units at Uptown Lofts North.

The results of individual dwelling unit envelope air leakage tests in apartment
buildings with interior dwelling unit entrances correlate less to the dwelling unit’s
heating and cooling energy use than for other dwelling unit types, such as town-
homes and single-family homes. Typically, between 50 % and 83 % of an apartment
building dwelling unit’s envelope surfaces are adjacent to other indoor spaces.
Therefore, in an apartment building, a whole building envelope air leakage test has
more significance to energy use than a dwelling unit envelope air leakage test.

In dwelling units with high percentages of envelope surface adjacent to other
indoor spaces, dwelling unit envelope air leakage tests in apartment buildings are use-
ful as a tool for quantifying, finding, and eliminating air leakage between dwelling
units, which can have a negative impact on indoor environmental quality.

Value of Envelope Quality Control

Because the project’s major funder and the PHIUSþ program required a high level of
envelope airtightness, which would be verified through testing during construction,
both the architect and the construction manager became highly focused on building
envelope quality and were receptive to input from the Passive House verifier to
maintain a high-quality airtight building envelope.

The envelope commissioning and testing process, supported by good commu-
nication and coordination among the Passive House verifier, the construction
manager, and the architect, enabled this building to achieve the high level of air-
tightness required for PHIUSþ certification. The Passive House verifier found the
construction manager and the architect to be responsive to inspection and testing
comments and to be vigilant in ensuring that envelope quality requirements were met.

The primary method of evaluating a building’s energy performance is to
observe its actual energy use compared with other similar buildings. In 2017, utility
meters at Uptown Lofts North recorded energy use that translated to a site-energy
use index (site EUI) of 27.3 kBtu/ft2/year (310.0 MJ/m2/year). According to the
“ENERGY STAR Portfolio Manager U.S. Energy Use Intensity by Property Type”
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report, the site EUI at Uptown Lofts North is 54 % lower than the U.S. national
median reference site EUI value of 59.6 kBtu/ft2/year (676.8 MJ/m2/year) for multi-
family housing.7

Recommendations for Improving Envelope QA

and QC

Both the Passive House verifier and the construction manager had suggestions for
improving the envelope QA and QC process for projects like Uptown Lofts North.
Many of the suggestions are related to further involvement and integration of the
Passive House verifier, or testing agency, during the project’s design and precon-
struction phases. Another suggestion is increasing the number of times the testing
agency interfaces with the project during construction.

From the Passive House verifier’s perspective, testing agency participation in
the design review process would be valuable for the following reasons:

• The testing agency can provide helpful input for building envelope design,
based on lessons learned from previous testing experience.

• The testing agency can become more familiar with the building design and
can be more prepared to properly test each specific building.

• The testing agency can provide information on program requirements for
which the testing agency is primarily responsible. Other project team members
may not adequately address these requirements because of lack of familiarity.

From the construction manager’s perspective, it would have been helpful for
envelope testing procedures, air-sealing requirements, and performance goals to be
more thoroughly incorporated into the project specifications, which are the best
platform from which the construction manager can clearly define subcontractors’
roles and responsibilities for achieving the very low envelope air leakage target. For
projects in which the Passive House verifier or testing agent has expertise in archi-
tectural specification writing, the testing agent can assist with comprehensively
incorporating testing procedures, air-sealing requirements, and performance goals
throughout the project specifications.

The construction manager has suggested that it would be advantageous to con-
duct an intermediate envelope air leakage test between the preliminary air barrier–
only test and the final test. The construction manager suggested that the team could
use this intermediate test to find air leakage at mechanical, electrical, and plumbing
envelope penetrations before interior construction covered them. To facilitate an
additional test without excessively interrupting construction sequencing, interior
finishes could be installed everywhere except near mechanical, electrical, and
plumbing envelope penetrations. This may be advisable for future projects, but pro-
ject teams would do well to consider the financial and logistical issues around add-
ing a third test against the test’s benefits before committing to a third test. The
logistical issues include developing the scope of this third test, so that the construc-
tion manager can include these scope items in subcontracts.
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Although the construction manager designated an air-sealing specialist to be
the single point of responsibility for all envelope air-sealing enforcement and
guidance, staff reassignments interrupted the continuity of this oversight. Both the
Passive House verifier and the construction manager agree that for a project with
stringent envelope airtightness goals, the project would have a higher likelihood of
success if the construction manager’s air-sealing specialist retained that role
through the full duration of construction. This construction manager staff member
would visit the construction site more frequently than the Passive House verifier
and would be better suited to address air leakage issues as they arise, as well as to
coordinate with the construction team and the Passive House verifier.

Increasing the Passive House verifier’s (testing agent’s) involvement in the
design, preconstruction, and construction phases would make the envelope air-
sealing process and testing processes more manageable (particularly with subcon-
tractors), would reduce time and costs associated with correcting envelope defects,
and would reduce the risk of not meeting program requirements. The construc-
tion manager produced two project schedule timelines that contrast the way the
envelope testing process actually happened at Uptown Lofts North, with a recom-
mended scenario in which the Passive House verifier would have more interaction
with the project team over the duration of the project. These timelines appear in
figures 5 and 6.

Figure 5 represents the project schedule for Uptown Lofts North with mile-
stones in the envelope QA/QC process marked with red dashed lines and labeled
with letters. The Passive House verifier made six major visits to the project site with
respect to envelope issues during the course of the project. One of these visits was
the result of an earlier unacceptable test result. At the time, PHIUS required only
two envelope visits, which correspond to events “D” and “E” on this schedule.

FIG. 5 Actual envelope QA/QC milestones in the project schedule.
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In contrast, figure 6 presents a similar project schedule, but it adds several
opportunities for the passive building verifier to work with the project team to assist
in budgeting, scoping, and inspections. The added costs for these additional inter-
faces would be minimal compared with the potential costs for correcting faulty
craftsmanship; particularly between the initial blower door test and the final test.
The construction manager recommended that future Passive House multifamily
projects engage the Passive House verifier early in the project. In addition to early
consultations, an additional envelope air leakage test between the initial test and the
final test (after all exterior wall penetrations are installed and before any drywall
being installed) would allow the construction manager to minimize envelope air
leakage at envelope penetrations. The project team could have these noted additional
interactions at little to no additional cost to the project, if the interactions were
outlined early in the project’s life, and if planned and scheduled properly.

Case Study: East Liberty Presbyterian Church

PROJECT DESCRIPTION

The East Liberty Presbyterian Church building is an historic landmark; a cathedral-
like structure occupying a full city block in Pittsburgh, PA (figure 7). Funded by
the prominent Mellon family, contractors completed the building in 1935. The
ceiling in the sanctuary is 75 ft (22.9 m) above the floor, with three floor levels
below the sanctuary. The building’s administrative wing, with the main level at
the same level as the sanctuary, also has three floor levels above the main floor.
The building has a total floor area of about 162,000 ft2 (15,050 m2), a volume of

FIG. 6 Recommended envelope QA/QC milestones in the project schedule.
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about 2,650,000 ft3 (75,040 m3), and an envelope surface area (including bottom
floor plates) of about 217,000 ft2 (20,160 m2).

The building’s structure is load-bearing concrete and stone masonry at the
exterior walls, with a steel frame at portions of the interior. Most of the building’s
roofs are gabled, with attic areas below the roof surfaces. In the sanctuary, the
windows are stained glass. In the rest of the building, the windows are leaded glass
either fixed in masonry openings or set in operable aluminum frames. In the sanc-
tuary and the smaller chapel, the ceilings directly below the attic spaces are made of
vaulted stone, and top-level ceilings are made from plaster in other areas of the
building. There is no insulation material at the walls, and little-to-no insulation
material at the attics. The testing team did not have access to detailed building
drawings or to attic spaces, so this description does not provide details about the
envelope assemblies for this building.

The project in this case study is the building’s first-ever comprehensive renova-
tion project, in which the church engaged an owner’s representative who specializes

FIG. 7 Exterior view of East Liberty Presbyterian Church, with blower doors installed.
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in delivering value through energy efficiency and indoor environmental quality.
The owner’s representative set up a multistage data collection process, including
whole building envelope air leakage testing, to inform the construction measures
that would produce an optimal return on investment by saving energy, and improv-
ing thermal comfort and indoor air quality, while also increasing usable space in
the building.

The owner’s representative employed a data-driven process, installing automated
electronic components in the building, and hiring a team of testing agents for a
whole building envelope air leakage test, to inform a highly accurate energy model.
The model, created Integrated Environmental Solutions Virtual Environment
(IESVE) modeling software, shows the baseline building energy performance before
the renovation project (figure 8).

The automated electronic data collection components, which the owner’s repre-
sentative installed in the building before the testing agents conducted the envelope
air leakage testing, included electric, gas, and water utility meters as well as an out-
door weather station (figure 9). Data from these devices flows to an installed Java
Application Control Engine (JACE) data aggregator and can be displayed visually
on an electronic building energy–indoor environmental quality dashboard. All of
these devices were in place by October 1, 2014. The field-collected data from these

FIG. 8 Wireframe for the energy model.
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devices corroborated and joined the historical weather and utility bill data as the
information against which the owner’s representative calibrated the baseline energy
model.

The data-collection devices remain installed in the building, and the project
team will use them on a continuing basis to measure actual building energy perfor-
mance against the energy model’s predictions. When construction is complete, the
owner’s representative will install indoor environmental quality sensors, measuring
temperature, humidity, and total volatile organic compounds, carbon dioxide, par-
ticulate matter 2.5, and particulate matter 10 concentrations. The data from these
sensors will be stored and displayed on the dashboard along with the other data
regarding utility use. In addition to simply appearing on a display, the information
in the dashboard system will enable the owner’s representative to compare actual
building performance with the performance predicted by the energy model, to iden-
tify discrepancies and opportunities for improving actual building performance.

AIR LEAKAGE TESTING METHOD, EQUIPMENT, AND PROCEDURE

After a day of on-site preparation by a few testing agents, the full testing team, com-
posed of 12–16 members of the regional energy auditors’ association, gathered at
the church building on October 13, 2014, to finalize setup and conduct the envelope

FIG. 9 Weather station on the building.
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air leakage test. The owner’s representative signed an agreement with the lead
on-site testing agent, who organized all of the testing agents and ensured that all
test equipment was calibrated as required. This arrangement was logistically com-
plex, but the owner’s representative chose this arrangement because of cost compet-
itiveness and to develop regional capacity to complete large building envelope air
leakage testing.

The testing team met the challenge of properly preparing the whole building
for envelope air leakage testing, assembling all required testing equipment and
materials, finding locations to install blower door fans with adequate distribution
around the building, and avoiding potential harm to test equipment from rain.
They conducted the multipoint envelope air leakage testing in accordance with
ASTM E779,3 using 12 manometer fan controllers and 16 blower door fans, con-
trolled and monitored by Energy Conservatory’s TECLOG3 software on one laptop
computer (figures 10 and 11).

FIG. 10 Computer control station.
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Although the testing agents did gather valid useful information, the team also
encountered difficulties in testing such a large building with a large number of
blower door fans:

• 16 manometer fan controllers were available for the 16 blower doors, but at
four or five of these blower doors, the link between the manometer and the
fan speed controller malfunctioned, and the testing team had to operate
those blower doors manually to achieve the desired indoor–outdoor air
pressure differential.

• Uneven starting of blower door fans caused some fans to spin backward at
the beginning of the test, requiring the test to be stopped. Fortunately,
enough testing agents were on-site to manually remove fan covers at the
same time upon receipt of a group text message. This way, the testing team
was able to achieve successful coordination and control of all active blower
door fans.

• Because of damper-like action at one or more locations in the building
envelope, the building pressurization tests did not achieve the expected

FIG. 11 Two of 16 installed blower doors.
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pattern of flow-to-fan pressure across the multiple test pressures, so the air-
flow confidence limits were not low enough, and the correlation coefficients
were not within the acceptable limits to call the positive pressure test results
valid.

As a check of test validity, the testing team tested both the whole building, and
then divided the building into two sections and tested each section. The testing
team expected that leakage between sections of the building would cause the com-
bined air leakage measurements of the single section tests to be higher than the air
leakage measurements for the whole building test. This was true for the depressuri-
zation tests, but it was not true for the pressurization tests, for reasons the testing
team did not discover.

Because of these two anomalies with the pressurization tests, the testing team
chose to use only the envelope depressurization test results, which were valid, in its
full analysis of envelope air leakage. This did not fully match the ASTM E779 test-
ing standard,3 but it was as close to the standard as the testing team could achieve
at that time.

AIR LEAKAGE TEST RESULTS AND REPORTING

The largest single envelope air leakage location was the boiler room, where the com-
bustion air intake louvers allowed an airflow of approximately 14,500 ft3/min
(24,636 m3/h) at negative 75 Pa indoor versus outdoor air pressure. Because the
building maintenance staff normally kept the interior doors of the boiler room
closed, the testing team decided to exclude the boiler room from the test area in the
final analysis. When excluding the boiler room from the test area, the testing agents
achieved a maximum whole building depressurization of 40.6 Pa.

With the exclusion of pressurization test data and the exclusion of the boiler
room from the test area, the final test result was a whole building envelope air leak-
age rate of 0.505 CFM75/ft

2 (9.228 m3
75/(m

2 h), including the surface area of
bottom-level floors.

The testing agents spent approximately two days creating an 18-page illustrated
report8 containing information called for in ASTM E779.3 The report included the
following five sections: Introduction, Background Information for the Tests, Test
Data, Analysis and Interpretation of Test Results, and Conclusion.

To put the East Liberty Presbyterian Church building’s envelope air leakage test
results in context, the testing agents referred to previously published papers by
experts in whole building envelope air leakage. Quoting from the test report:

In their article entitled “Air Leakage: Difficulties in Measurement, Quantification
and Energy Simulation, Waite and O’Brien cite sources of whole building air
leakage benchmarks for commercial and institutional buildings.9

They point out that the 2009 ASHRAE Handbook: Fundamentals has
prescriptive whole building air leakage quantities for three different levels of
air tightness; “tight,” “average,” and “leaky.”8
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Waite and O’Brien report that the Air Barrier Association of America (ABAA)
recommends that the whole building air leakage should be no more than 0.400
CFM75/ft

2 (7.315 m3
75/(m

2 h)).
Emmerich and Persily, of the National Institute of Standards and

Technology, have conducted research on whole building air tightness of actual
commercial and institutional buildings over many years. For the purpose of
comparing ELPC to Emmerich and Persily’s benchmarks of building air
leakage, we will use their data for 6-sided Air Leakage at 75 Pa. This is the
same surface area metric that (the owner’s representative) is using in the con-
tinued analysis of ELPC’s energy use. Converting units from metric to Ameri-
can imperial units, we find from their (paper) that air leakage benchmarks for
other commercial buildings is as [shown in table 10].8

The testing agents then quantified the percentage differences between the ELPC
building’s test results and other established standards and study findings, including
PHIUS envelope air leakage standards (table 3).6,12 Again, quoting from the test
report:

The test data for ELPC shows that ELPC’s depressurization-only air leakage
per unit of building surface area for the whole building, with the boiler room
doors closed, is 0.505 CFM75/ft

2 (9.228 m3
75/(m

2 h)) (comparable to all
the standards and benchmarks above except PHIUSþ), or 0.388 CFM50/ft

2

(7.090 m3
50/(m

2 h) of envelope surface area) (comparable only to the PHIUSþ

TABLE 3 NIST study whole building air leakage benchmarks.11

Data set or building

Air leakage per square foot

of envelope surface area

Air leakage per square meter

of envelope surface area

(159 Newer) Buildings Studied in 2014 0.360 CFM75/ft2 6.584 m3
75/(m2 h)

ELPC Test Results 0.505 CFM75/ft2 9.228 m3
75/(m2 h)

Average of All (387) Buildings Studied 0.720 CFM75/ft2 13.167 m3
75/(m2 h)

(228 Older) Buildings Studied in 2005 0.920 CFM75/ft2 16.825 m3
75/(m2 h)

TABLE 2 Whole building air leakage levels from ASHRAE Handbook: Fundamentals.10

Airtightness level Air leakage per unit building

surface area

Air leakage per square meter

of envelope surface area

ASHRAE “Tight” 0.100 CFM75/ft2 1.829 m3
75/(m2 h)

ASHRAE “Average” 0.300 CFM75/ft2 5.486 m3
75/(m2 h)

ELPC Test Results 0.505 CFM75/ft2 9.228 m3
75/(m2 h)

ASHRAE “Leaky” 0.600 CFM75/ft2 10.973 m3
75/(m2 h)
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standard listed above). Therefore, ELPC’s whole building envelope air leak-
age is:
• 400 % leakier than ASHRAE’s standard for “tight” buildings;
• 67 % leakier than ASHRAE’s standard for “average” buildings;
• 17 % tighter than ASHRAE’s standard for “leaky” buildings;
• 25 % leakier than the Air Barrier Association of America’s recommended

maximum;
• 46 % tighter than the average of 228 older buildings studied by NIST in 2005;
• 31 % tighter than the average of all 387 buildings in NIST’s database, updated

in 2014;
• 39 % leakier than the average of the 159 newer buildings studied by NIST

in 2014;
• 316 % leakier than the current PHIUSþ new construction project standard;

and
• 150 % leakier than the current PHIUSþ retrofit project standard.8

The testing agents summarized and characterized the envelope air leakage test
results as follows:

We can conclude that ELPC’s envelope air leakage of 0.388 CFM50/ft
2 or 0.505

CFM75/ft
2 (9.228 m3

75/(m
2 h)) is significantly lower than the average 20th

century commercial or institutional building . . . . We can also conclude that
ELPC’s envelope air leakage is much higher than prescribed by current high-
performance building standards.8

In addition to the quantitative envelope air leakage results, benchmarking, and
interpretation, the report’s Test Data section identified envelope air leakage locations.

Temperature difference between indoors and outdoors on the day of the enve-
lope air leakage test was negligible, so infrared thermography did not produce use-
ful information on air leakage locations. Even so, the testing agents identified and
reported a number of building envelope air leakage locations, while also noting the
likelihood of air leakage at locations in addition to those identified. Air leakage loca-
tions listed in the report included the following:

• Mechanical shafts and pipe chases
• Leaky ductwork connected to outdoors
• Mechanical penetrations through the building envelope
• Boiler room combustion air intakes (described previously)
• Doors without weather stripping
• Broken panes, absent weather stripping, and faulty locks at windows
• Openings between conditioned space and attics
The testing agents’ identification of these leakage locations, as well as the quan-

titative envelope air leakage results, informed the owner’s representative’s develop-
ment of the renovation project work scope.
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APPLICATION OF ENVELOPE AIR LEAKAGE TESTING INFORMATION

After the testing agents completed the report in November 2014, the owner’s repre-
sentative incorporated the quantitative envelope air leakage test results into the
whole building energy model. The automated electronic data collection components
(which, together with the JACE data aggregator and the building energy–indoor
environmental quality dashboard, the owner’s representative calls the “smart
building infrastructure”) collected empirical data to inform the baseline whole
building energy model. On February 25, 2015, about five months after installing the
smart building infrastructure, the owner’s representative completed a calibrated
baseline energy model that showed a whole building site EUI of 82.0 kBtu/ft2/year
(931.2 MJ/m2/year). With the calibrated baseline energy model complete, the
owner’s representative began studying energy reduction measures.

Some of the accepted energy reduction measures were air-sealing measures,
based on air leakage locations identified during testing, as follows:

• The contractor air sealed all mechanical penetrations through the building
envelope.

• At windows, the contractor replaced broken glass panes. The contractor
removed scale buildup on operable window aluminum frames, installed
weather stripping, and repaired latches at the operable windows, so that the
windows could remain closed and air sealed. Last, the contractor caulked all
joints between window frames and adjacent walls.

• In the attic above the sanctuary, the contractor partially covered the largest
openings to the conditioned space below.

Before the church hired the owner’s representative, the project design had been
centered around adding air conditioning, removing the existing boilers, and instal-
ling a rooftop unit–based all-air HVAC system. This system would have used con-
ditioned air for heating, rather than the existing radiators. In Concept 1A shown in
figure 12, the whole building energy model showed an 80-ton (281.4 kW) capacity
rooftop HVAC unit for heating and cooling the whole multistory administrative
wing. The cost for that large of a rooftop unit and HVAC renovation exceeded the
church’s project budget. The first attempt after Concept 1A to bring the project
back in line with the budget was Concept 1B, which, at approximately 30 % lower
cost, included reducing the capacity of the rooftop unit to only 40 tons (140.7 kW)
and reducing the area served by the rooftop unit.

After the project team arrived at Concept 1B, the project team reasoned that
because the envelope air leakage test found that the building had significantly lower
air leakage than the average 20th-century commercial or institutional building,
ventilation air was required. The project team then developed Concept 2, providing
the required ventilation air via a dedicated outdoor air system, instead of the less-
efficient rooftop unit heating and cooling. The existing heating boilers would
remain, but an outdoor air temperature sensor would reduce boiler energy use
when it was warmer outside, and zone controls would reduce energy use for areas
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where heat was not needed. Mechanical cooling and dehumidification would be
delivered on a room-by-room, as-needed basis, via cassettes attached to the outlets
of the ventilation ducts.

Concept 2 allowed rooms that had been removed from the new HVAC service
in Concept 1B to be added back to the cooling system. Concept 2 also increased the
occupants’ ability to control their own thermal comfort and reduced predicted
whole building energy use by 11 % and system cost by approximately 50 % from
the energy use and cost of Concept 1A. The project team incorporated HVAC
Concept 2 into the renovation design.

VALUE OF ENVELOPE AIR LEAKAGE TESTING

Concept 2 reduced predicted whole building energy use by 29 % compared with
the calibrated baseline energy model. Although Concept 2’s predicted site EUI
of 58.6 kBtu/ft2/year (665.5 MJ/m2/year) is substantially higher than the U.S.
national median reference site EUI value of 36.8 kBtu/ft2/year (417.9 MJ/m2/year)
for worship facilities,7 East Liberty Presbyterian Church is unlike most churches,
in that both the congregation and other groups use the building extensively in a
typical week, whereas most worship facilities are used mainly on only one or two
days per week.

The main focus of this renovation project, other than space programming
changes, was HVAC system changes and minor air leakage reductions. Because of
the building’s historic status, major air leakage reductions affecting the exterior ap-
pearance were not allowed. Although the owner’s representative tested and devel-
oped HVAC system modifications in the energy modeling software, the air-sealing
measures that were possible and completed in the project are not represented in the
energy models, which do not show energy or cost savings from these air-sealing
measures. This issue, along with methods of translating air leakage test results into
energy model inputs, are issues that the owner’s representative and the testing
agents are working to resolve.

FIG. 12 Smart building infrastructure deployment schedule.
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Conclusion and Lessons Learned

A growing concern regarding premature aging of building stock, decreased
occupant comfort, and increased energy costs, has spurred research into high-
performance construction and deep retrofits. In their paper entitled “Quality Assur-
ance for Building Envelope Air Barrier Systems,” Knight et al. state that up to 50 %
of the heat energy lost in a commercial building or high-rise residential building
can be attributed to building envelope air leakage.13 Despite the best efforts of con-
ventional construction project teams, many buildings are seeing questionable instal-
lation of the various building envelope components. According to Knight et al.,
“It is the combination of the system design, materials, and workmanship that deter-
mines the performance of the completed system.”13 The addition of building enve-
lope testing and quality control will increase the likelihood of a durable, energy
efficient, and comfortable building.

These two projects illustrate the range of large-building project types that whole
building air leakage testing can improve. In the years following the tests in these
two buildings, team members from these two projects conducted a number of other
large building envelope leakage tests, some with different impacts than the tests
described here. For example, testing of a university classroom and office building
using a smart building infrastructure process similar to that used at East Liberty
Presbyterian Church, currently underway, could lead to building-wide envelope-
sealing measures and significant energy use reductions. Testing a new community
library building currently under construction could verify the first Passive House
Institute–certified nonresidential building in the Pittsburgh region.

The Uptown Lofts North and East Liberty Presbyterian Church case studies
provide multiple lessons regarding whole building envelope air leakage testing.

FACTORS AFFECTING THE SELECTION OF THE AIR LEAKAGE TESTING TEAM

When deciding who to hire for envelope testing, some of the criteria customers
should consider include candidates’ ability to use appropriate test methods, capacity
to conduct testing at the required scale, cost of testing, and cultivation of regional
firms for future use in this expanding discipline. To conduct a whole building enve-
lope air leakage test of a large building, it may be necessary to assemble a team of
testing agents from different companies. Doing this may be easier if one of the test-
ing agents can take the lead and hold a single contract for the testing process.

RELATIONSHIP BETWEEN ENVELOPE AIR LEAKAGE TESTING AND
CONSTRUCTION SEQUENCING

In new construction projects, conducting whole building envelope leakage tests
before the air barrier is concealed by other materials is a best practice. To do this
well, it is important to plan construction sequencing around this testing, as some
things, such as fenestration, may need to be installed earlier than usual, and other
things, such as brickwork and ductwork, may need to be started later than usual.
Project team members must fully inform contractors about air leakage test
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requirements so that the contractors can make the necessary adjustments to con-
struction sequencing.

POSSIBILITIES FOR, AND LIMITATIONS ON,WHOLE BUILDING ENVELOPE
AIR LEAKAGE TESTING IN LARGE BUILDINGS

Trends in building code are moving toward requiring airtightness testing of com-
mercial buildings. Although airtightness has typically (since the 1980s) been used in
a residential application, energy-efficiency targets and updated building standards
are increasing the demand for airtightness testing in larger and larger buildings.2

Given the necessary resources and motivation, it is possible to successfully conduct
whole building envelope air leakage tests of a wide variety of large buildings. It may
not always be possible, however, to obtain valid whole building test results within
the constraints of a particular testing arrangement. When issues prevent valid
whole building tests, it becomes important for the testing agency to creatively solve
these problems to obtain useful information and avoid financial penalties for the
project team.

RECOMMENDED AIR LEAKAGE TESTING METHODS FOR MULTIFAMILY
RESIDENTIAL BUILDINGS

When evaluating building envelope air leakage’s impact on energy use in multi-
family residential buildings, it is best to conduct large-scale envelope air leakage
tests, whole building tests if possible. Individual dwelling unit tests are less signifi-
cant in evaluating energy use, but they are good for evaluating unit compartmental-
ization, which is a desirable quality in multifamily buildings.

APPROPRIATE METHODS FOR INTERPRETATION OF TEST RESULTS

It is important for air leakage test reporting to put the test results in context. For
testing on new construction projects, the report author may compare the test results
to building certification program requirements, code requirements, or industry
standards from organizations such as ASHRAE. For testing of existing buildings,
the report author may use the noted types of benchmarks; other comparisons,
including average air leakage found in building science research, also may be
relevant.

DIFFERENCES IN HOW ENERGY MODELING SOFTWARE PACKAGES
INCORPORATE AIR LEAKAGE TESTING DATA

The ease of incorporating envelope air leakage test results into a whole building
energy model varies with the type of energy modeling software used. Some software
packages allow test results to be entered directly, with little to no math needed to
convert measurement units. Other software packages consider envelope air leakage
occurring only at normal indoor–outdoor pressure differentials, with units of
measurement that are more difficult to convert to typical envelope test metrics. The
latter modeling software approach to envelope air leakage (primarily viewed as a
design parameter rather than as a physical reality that can be tested and verified)
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often discourages project teams from obtaining maximum potential benefit from
whole building testing.

IMPACTS OFWHOLE BUILDING AIR LEAKAGE TESTING ON PROJECT DESIGN
ANDWORK SCOPE DEVELOPMENT

It is easy to understand how envelope air leakage testing influences air-sealing
measures implemented in building projects. At both Uptown Lofts North and East
Liberty Presbyterian Church, the envelope air leakage rates also affected the
mechanical system design. At the PHIUSþ–certified apartment building, the mea-
sured envelope air leakage confirmed that mechanical ventilation (as designed) is
required to provide enough fresh air to occupants. Interestingly, the same is true for
the 83-year-old Gothic-style church building, which is not nearly as leaky as many
other church buildings from the same time period. ELPC’s relative airtightness
showed that mechanical ventilation was warranted, and the owner’s representative
developed a high-efficiency HVAC concept around that requirement.

PROJECT TEAM’S COMPREHENSION OF AND CORRECTIVE ACTIONS BASED
ON AIR LEAKAGE TEST REPORTS

High-quality reporting of envelope air leakage locations (which relies on appro-
priate and well-executed inspection techniques) is helpful in enabling the project
team to reduce envelope air leakage. At the same time, participation by other team
members in addition to the testing agent is of key importance. Contractors spend
much more time on-site than the testing agent, and contractors see every part of the
building envelope affected by the project. If the contractor, owner’s representative, or
other project team members thoroughly review a high-quality test report, and in par-
ticular, if the contractor has a staff member dedicated to air sealing for the duration
of the project, the project team can effectively minimize envelope air leakage.

ENERGY SAVINGS ACHIEVED IN PROJECTS INWHICH PROJECT TEAMS HAVE
CONDUCTEDWHOLE BUILDING AIR LEAKAGE TESTING

At the Uptown Lofts North building, the measured site EUI is 54 % below the
national average for multifamily housing. The achievement of the project’s envelope
airtightness target is a major contributor to this building’s overall energy efficiency.
At East Liberty Presbyterian Church, the project team did not quantify the energy
use reduction resulting from air sealing, but the air leakage testing did inform the
renovation design, which predicts a 29 % energy use reduction from the calibrated
baseline energy model.

RECOMMENDATIONS FOR INCREASING TESTING AGENT INVOLVEMENT FOR
THE DURATIONOF THE PROJECT

Increased testing agent involvement in a project can increase chances that the pro-
ject team will achieve its air-sealing goals and keep air-sealing costs down in the
process. In addition to the testing process, some of the services testing agents can
provide to improve outcomes include design phase introduction to air-sealing goals
and practices, design and specification advisory services, design review, a prebid
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meeting, a construction kickoff meeting, and additional rounds of testing and in-
spection during construction.

RECOMMENDATIONS FOR THOROUGHLY INCORPORATING AIRTIGHTNESS
REQUIREMENTS INTO CONSTRUCTION DOCUMENTS AND PROJECT
FINANCING PACKAGES

Because of contractual obligations, thorough and accurate incorporation of enve-
lope airtightness requirements into construction documents can improve the chan-
ces that the project will meet those requirements. Similarly, incorporation of
envelope airtightness requirements into project financing packages, as practiced by
the PHFA and other financial institutions, increases the chances that the resulting
building will be airtight and energy efficient.
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