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Abstract

Today, construction is being significantly driven by energy efficiency and sustainability 
objectives. This is occurring in both the façade and the HVAC system. The speakers will 
present case studies that show how—despite increased testing and commissioning of today’s 
building façades—HVAC system performance has an effect on air leakage that is resulting 
in physical damage to the building and also loss of energy performance—especially in warm 
and humid climates. This presentation will delineate how, in warm and humid climates, 
the current façade commissioning procedures need to be adapted to address current HVAC 
design strategies such as heat recovery systems and dedicated outdoor air systems. This 
includes field experience in internal building compartmentalization, horizontally and verti-
cally, that impacts the ability of the façade to perform in accordance with desired air leakage 
standards. The information presented in this session is based upon field testing, diagnosis, 
and correction of multimillion-dollar mold and moisture problems caused by air leakage 
through the façade in warm and humid climates.
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INTRODUCTION
The design and construction of today’s 

commercial buildings is being significant-
ly driven by increased energy efficiency 
requirements and sustainable build-
ing objectives. Current model building 
codes, such as the International Energy 
Conservation Code (IECC), and standards 
such as Standard 90.1 from the American 
Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), and 
NIBS Guideline 3 – Building Enclosure 
Commissioning Process (BECx) from the 
National Institute of Building Sciences 
(NIBS), provide requirements and guidance 
for constructing more energy-efficient build-
ing enclosures by requiring higher thermal 
insulation levels; tighter construction of the 
building enclosure; and verification test-
ing of materials, assemblies, or the entire 
building. Requirements and criteria estab-
lished by a variety of green building initia-
tives (e.g., LEED®, ASHRAE Standard 189.1, 
International Green Construction Code 
(IgCC), Green Globes, GreenMark, Living 
Building Challenge, and WELL Building 
Standard) also promote energy efficiency 
and have influenced the development of 
high-performance materials, assemblies, 
and façade systems to achieve these sus-
tainable goals. However, even with the 
influence of these codes, standards, initia-
tives, product improvements, and verifica-
tion testing, some new buildings in warm 
and humid climates that otherwise comply 
with air leakage testing standards have 
experienced moisture problems due to air 
leakage through the building enclosure. 
This is because HVAC systems can cause 
small amounts of outdoor air to be drawn 
into the exterior wall cavities.

AIR LEAKAGE AS A SOURCE 
OF MOISTURE

It should be no secret that, apart from 
bulk water intrusion, the primary source of 
moisture damage in buildings in warm and 
humid climates is air leakage through the 
building enclosure. This is not a new dis-
covery. In fact, as early as the mid-1950s, 
it was recognized that air flow had a major 

impact on both energy efficiency and dura-
bility because of its influence on heat and 
moisture flow.1

In 1961, A. G. Wilson identified the 
potential for condensation damage from air 
leakage occurring through various cracks, 
joints, and openings in fenestrations, wall 
assemblies, and roofing systems.2 Wilson 
recognized air pressure differences act-
ing across the enclosure as being one of 
the conditions responsible for air leakage 
in and out of buildings, and he suggested 
that air leakage characteristics of cracks, 
distribution of pressure across the building 
enclosure, and the resulting pattern of air 
flow must be understood. Wilson noted that 
moisture transferred by air flowing through 
cracks and joints in materials as a result of 
air pressure differences is not often appreci-
ated by designers and builders. 

Over the 25 years that followed, the 
industry gained a much better understand-
ing of the impact of air leakage and began 
to realize that air leakage was a far more 
significant mechanism for the transport 
of moisture than vapor diffusion.3 Under 
certain conditions, the amount of moisture 
transported by air can be up to 100 times 
greater than the amount of moisture trans-
ported by vapor diffusion. It is now well 
known that if warm, humid air is allowed to 
enter directly into the exterior wall cavities 
and occupied spaces, direct condensation 
can occur on cool surfaces of materials, 
causing moisture damage, mold growth, 
and elevated humidity. This damage usu-
ally leads to costly removal and replace-
ment under controlled conditions. For new 
buildings in warm and humid climates, this 
damage can occur within the first year after 
occupancy and will continue seasonally, 
with the damage most likely compounding 
until the cause is properly identified and 
addressed.

THE INFLUENCE OF HVAC 
SYSTEMS ON AIR LEAKAGE

If we know that air leakage is a primary 
cause of moisture damage, then it is impor-
tant to understand the primary cause of air 
leakage, which is pressure differences that 

occur between the building interior and 
exterior across the entire building envelope. 
The three primary mechanisms which gen-
erate these pressure differences are wind, 
temperature differences (stack effect), and 
the operation of mechanical ventilation and 
exhaust systems. To a lesser degree, the 
operation of elevators and the opening and 
closing of doors can also create localized 
pressure differences and should also be 
considered. 

Of the three primary mechanisms, the 
largest causal influence of outdoor air enter-
ing the building is often due to the exhaust 
air quantities produced by the HVAC system. 
Therefore, it is absolutely critical to under-
stand the interrelationship and interaction 
between the mechanical system and the 
building enclosure. Designers and contrac-
tors may not fully understand the impor-
tance of, or implement effective methods for, 
controlling air leakage across the building 
enclosure. Interior temperature, pressure 
and relative humidity, zones, and layout of 
the equipment must be coordinated during 
design and construction to ensure design 
intent is met and that condensation and 
poor air movement from ventilation does 
not occur.4 It is also apparent that there 
is often little integration or coordination 
between the building enclosure design and 
the mechanical system design or a proper 
understanding of their interrelationship. To 
achieve the energy efficiency and sustain-
ability goals required by modern buildings, 
the building enclosure and HVAC systems 
can no longer be considered as independent 
parts of the whole. They must be designed, 
constructed, and operated as integrally 
related systems.

Innovative HVAC systems such as ener-
gy recovery ventilation (ERV) systems, heat 
recovery ventilation (HRV) systems, (also 
called mechanical ventilation with heat recov-
ery [MVHR]), and dedicated outdoor air sys-
tems (DOAS) are now common HVAC design 
strategies due to their significant contribution 
to improving the energy efficiency of build-
ings. ERV systems are a common solution for 
buildings in warm and humid climates that 
predominantly require cooling. ERV/HRV 
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systems transfer the heat/coolness from 
the stale exhaust air to the fresh intake air. 
This balanced ventilation solution removes 
excess moisture, odors, and contaminants 
while conserving energy and enhancing 
comfort. DOAS are heating and cooling 
systems which are designed to bring fresh 
outdoor air into the building to meet today’s 
requirements for fresh air and energy effi-
ciency while addressing the concerns with 
indoor air pollution. These types of HVAC 
systems typically require the movement 
of much higher volumes of air than other 
types of HVAC systems and are constantly 
modulating the air pressures (positive and 
negative), thus requiring proper operation 
and balancing to maintain the desired pres-
sures throughout the building. Therefore, it 
becomes even more critical for the under-
standing and coordination between the 
design of the building enclosure and the 
HVAC system in warm and humid climates.

The building industry is currently expe-
riencing a tremendous emphasis on build-
ing envelope performance, as far as air 
leakage is concerned. The pressure to meet 
the specification and installation guidelines 
of air barriers and ensure that the whole 
building performs to the required air leak-
age standards can actually be deceptive 
to designers and contractors. It seems 
that we’ve forgotten or perhaps have even 

missed the point, 
that even at cur-
rent leakage 
rates and crite-
ria, if the build-
ing experiences 
significant HVAC-
driven pressure 
drops—especially 

in warm and humid climates—the building 
will still encounter conditions that can lead 
to moisture and mold problems.

The two case studies to be covered will 
attempt to demystify an industry-wide mis-
conception of overemphasizing the build-
ing envelope air leakage performance. The 
analysis of these case studies suggests 
that positively pressurizing the building 
with the HVAC system is more critical than 
air leakage performance and can dramati-
cally reduce moisture and mold problems 
in buildings located in warm and humid 
climates.

Even when buildings are deemed to sat-
isfy air leakage requirements by the design 
and construction team, many small open-
ings and gaps exist. These gaps are con-
sidered acceptable and do not result in air 
leakage beyond the limits of industry testing 
standards. In warm and humid climates, 
when there is an HVAC-induced pressure 
differential across the façade, these small 
openings can allow outdoor air to enter 
directly into the exterior wall cavity, result-
ing in building-wide catastrophic mold and 
moisture problems. This has become a more 
frequent occurrence because HVAC design-
ers, under obligation to increase energy effi-
ciency of their design, are utilizing ERV sys-
tems. By design, ERV systems are intended 
to provide balanced airflow through small 

differentials between supply and return/
exhaust airstream volumes. The intent is 
that they do not substantially contribute 
to the pressurization/depressurization of 
the building. Although small, these volume 
differentials result in slight pressure differ-
ences which can produce a negative pres-
sure across the façade.

CASE STUDY 1
The first case study is a hotel building 

constructed in a hot and humid climate. 
This particular location was an aggres-
sive environment as it relates to moisture 
control, but not an unusual environment 
for many buildings and many locations 
around the world. During construction, 
this building underwent significant water 
penetration and air infiltration testing, 
and the façade even underwent labora-
tory testing, several stages of field testing, 
and post-construction testing in the early 
stages of occupancy. The challenge for 
the owner, designer, and contractor with 
this particular project was that despite all 
of the testing, the hotel still experienced 
significant moisture and mold problems 
in guest rooms (Figure 1), corridors, and 
inside the wall cavities (Figure 2).

The project contract requirements 
for the façade system were performance 
based. It was the responsibility of the con-
tractor to provide a comprehensive façade 
system that performed in accordance with 
the specified criteria and within the speci-
fied air leakage rate. The façade system 
was to meet the specified air infiltration 
performance criteria of 0.02 m3/min/
m2 at 300 Pa (equivalent to 1.2 CMH/
m2) and to design and install air sealing 
at junctions between the façade systems 

Figure 2 – Mold damage on drywall due 
to infiltration of humid air.

Figure 1 – Damage on drywall that 
occurred behind the interior wall covering.
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and adjacent work to meet the same air 
infiltration criteria. Further, the contract 
for this project required that the façade 
meet these performance standards (up to 
the limit defined in the contract specifica-
tions) regardless of the source of the pres-
sure difference. This would include causes 
from exterior mechanisms (wind and stack 
effect) and also from internal mechanisms 
such as the HVAC systems. 

It was determined that the air leakage 
through the façade caused the moisture 
and mold damage inside the wall cavities 
of the guest rooms and within the occu-
pied spaces.

The HVAC system was designed to 
cause the guest rooms to be under nega-
tive pressure on a continuous basis. While 
the local building codes and standards did 
not directly prohibit the design of a build-
ing under negative pressure, this was a 
violation of good practice for a tropical 
climate. Numerous references from orga-
nizations like ASHRAE describe the risk of 
moisture and mold problems, especially in 
hotels, if designed for negative pressure in 
a tropical climate. The negative pressure 
induced by the HVAC design was one of 
the pressures acting on the façade. In this 
case, the HVAC system design relied upon 
the façade to perform against the HVAC-
induced negative pressure and to prevent 

the introduction of excess air infiltration. 
Unfortunately, air infiltration did occur 
through the façade and caused moisture 
and mold damage in the wall cavities.

The investigation also found that 
certain portions of the façade were not 
required to conform to the typical perfor-
mance criteria for air leakage defined in 
the façade specifications. This primarily 
applied to the sliding doors at the end of 
corridors, the doors to the exterior, and 
the walls between a mechanical room 
and the public lobby. Furthermore, air 
was observed coming into the corridors 
through the corridor smoke control pres-
surization system and onto each floor 
through the elevator shafts. This out-
door air infiltration occurred because the 
building’s negative pressure was drawing 
outdoor air through the ductwork system, 
even though it had dampers intended to 
prevent this. The HVAC negative pres-
sure design in these specific areas caused 
damage to wood veneer finishes in the 
corridors. Damage also occurred inside 
the occupied areas of the guest rooms due 
to the corridor air flowing into the guest 
room as make up air for the exhaust in 
the room.

Repair of the damage required con-
trolled remediation techniques to remove 
the damaged materials, along with third-

party clearance of 
the remediation 
work area before 
build-back could 
occur. There 
were essentially 
three conditions 
of damage that 
required reme-
dial work: 

• Damage that required the complete 
removal of the room interior finishes 
and wallboard to the framing and 
the subsequent build-back of the 
same

• Damage that required the removal 
of finishes only, including the wall 
covering and wood veneer, and the 
subsequent build-back of the same

• Damage requiring cleaning the room 
only, with no removal of the wall 
finishes or wallboard

The repairs to this building also required 
the completion of a façade rectification pro-
gram to correct the joints and gaps that 
were the cause of the air leakage (Figures 
3 and 4). 

Water intrusion repairs were also 
required but were less impactful. Although 
the cause of air infiltration at the building 
façade was identified, the façade repair pro-
gram to correct the deficiencies had limita-
tions in its performance because the rectifi-
cation scope of work was installation sensi-
tive and at a higher risk of errors in means 
and methods by the workers. Therefore, the 
HVAC make up air system was to be modi-
fied so that it would intentionally provide a 
positive pressure in the guest rooms, in the 
common areas of each floor, and the guest 
room tower as a whole. This required a sub-
stantial change to the HVAC system equip-
ment, ductwork, and the design to achieve 
positive pressurization.

It has been the authors’ experience that 
most buildings are designed in silos where 
the HVAC design is conducted separately 
from the façade design. Most HVAC design-
ers believe that air flows caused by pressure 
differentials due to the HVAC system design 
or operation are small and negligible for the 

Figure 3 – Gap at the top of the wall and 
underside of the floor slab allowed air 
infiltration into the wall cavity.

Figure 4 – Visualization of air 
infiltration occurring at the top of 

wall gap using smoke.
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control of moisture problems in a building. 
However, where this air travels directly into 
the wall cavity, washing interior cool sur-
faces, even small amounts of air flow will 
result in catastrophic problems. The exam-
ples of this case study demonstrate why the 
HVAC design and its intended operation are 

critically important to the success of the air-
tightness of a façade and in overcoming the 
expected (and allowable) amount of leakage.

Quite often, façade designers will con-
duct a continuity check of the intended 
air barrier during design. This is done to 
ensure that as the façade changes direction, 

changes materials, and undergoes transi-
tions, the air barrier remains continuous. 
An additional, important step that should 
take place during the design phase commis-
sioning relates to the continuity of pressure 
through a building. This means that the 
HVAC system design is traced between inte-
rior compartments (whether they are wall 
cavities or rooms) in the same manner that 
the healthcare industry confirms correct 
pressure differences across hospital criti-
cal spaces. This task should be performed 
under the anticipated air flow changes that 
will occur under different HVAC operating 
conditions. This can identify whether inter-
nal compartmentalization, or lack thereof, 
will result in air infiltration across the 
façade.

Finally, façade commissioning proce-
dures should be adapted to include pres-
sure differential testing under varying HVAC 
conditions so that it can be determined if 
wall cavities and/or ceiling cavities that 
are often connected to the exterior wall 
system are operating under the desired 

Figure 5 – Visible mold found on wall cavity 
side of interior wallboard. Patterns are 
consistent with high relative humidity 
and air/vapor infiltration problems.

Figure 6 – Visible mold 
consistent with outside air/

vapor intrusion source. This is 
the view of the wall cavity side 

of the interior wallboard.

Figure 7 – Visible mold consistent with 
outside air/vapor intrusion source. This 
is the view of the demising wall cavity.
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pressure gradient. This pressure gradient 
occurs at very small pressure differen-
tials—often below 5 to 10 pascals. The same 
micromanometers used to measure air flow 
through air hoods can be used to measure 
pressures across walls and the façade, even 
if they are as small as 5 to 10 pascals.

CASE STUDY 2
The next case study involves an eight-

story faculty and student housing facility, 
constructed in a hot and humid climate. 
The building enclosure primarily consisted 
of precast panels and a floor-to-ceiling 
window system. The HVAC system utilized 
HRV units. The construction of this project 
was completed in 2014, and the occurrence 
of mold was discovered soon after tenants 
began occupying the units. At the time of 
the authors’ involvement, remediation of 
materials affected by mold was ongoing in 
areas within the faculty and staff housing.

The investigation goal for this project 
was to determine the cause and origin 
of the moisture problems that led to the 
occurrence of mold. Therefore, a variety of 
testing was necessary to determine which 
mechanisms were causing the intrusion 
of outside moisture and whether elevated 
indoor humidity was caused by the inability 
of the building systems to handle the mois-
ture. The testing included direct pressure 
measurements between the interior and 
exterior of the building to assess building 
pressurization. 

The investigation found that the HVAC 
system design had a significant impact 
on the pressurization of the living units. 
Because the HVAC system design utilized 

HRV systems, the airflow quantities sup-
plied and returned (exhausted) were very 
close together and had only a 10% dif-
ferential in volume where the supply was 
10% greater than the return/exhausted air 
volume. This small difference, coupled with 
the large size of the distribution system, 
resulted in significant air flow differences 
throughout the building. 

Often it seems that designers view a 
building as one singular volume, when in 
fact, a building must be understood as a 
series of smaller volumes or compartments. 
This is referred to as compartmentalization. 
When a large building has pressure differ-
ences and variations across these interior 
compartments, whether horizontal or ver-
tical, pressure differences will also occur 
across the façade, resulting in air flow into 
the building and, in this case, directly into 
the exterior wall cavity.

Visual inspections of the exterior façade 
were conducted. It was discovered that 
openings in the façade due to incomplete 
sealing of joints in the façade system were 
pathways for outside air to enter the exte-
rior wall cavity and for moisture to accu-
mulate on the back side of the interior 
wallboard, resulting in conditions conducive 
to mold growth. The outdoor conditions at 
the project location during the humid sea-
son are sufficient to cause elevated relative 
humidity levels (and possibly condensation) 
on the back side of the interior wallboard 
and caused the growth of mold (see Figures 
5 through 7). 

The exterior façade was primarily com-
prised of precast concrete panels and a 
floor-to-slab window system. Specifically, 
joints and gaps that allowed air infiltra-
tion occurred between precast concrete 
wall panels (Figures 8 and 9), between 

Figure 8 – Opening directly to the exterior at a reveal in 
the precast wall panel, as seen from wall cavity. Failure 
to seal openings allowed outside air/vapor to infiltrate 
directly into the wall cavity.

Figure 9 – Gap between sealant and 
weep drain mat created a direct 

pathway for outside air/vapor to enter 
the wall cavity. In addition, weep 

material was not an air barrier.
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precast concrete wall panels and the 
window assembly (see Figure 10), and 
between precast concrete wall panels 
and the track of an external sliding 
shade screen (see Figure 11). This 
included both vertical and horizontal 
joints and three plane connection joints 
(Figure 12).

In addition to hidden damage that 
occurred within wall cavities, mold 
growth also occurred on interior wall 
and ceiling finishes (Figure 13) and on 
casework inside the apartment units 
(Figure 14). 

It is common for façades to have 
small openings and gaps that result 
in some air leakage. And, it is obvious 
that most buildings experience some 
effects of air leakage that is induced 
by wind effects. Typically, these small 
gaps do not result in moisture prob-
lems in the building—and certainly not 
catastrophic moisture problems in the 
building simply due to wind effects. 
However, for buildings located in warm 
and humid climates, when these small 
gaps are subject to even very small 

HVAC-induced pressure differentials, they are likely to result in 
significant damage to interior finishes. For these reasons, this par-
ticular building should have undergone the following analysis dur-
ing the design phase commissioning and should have undergone 
certain tasks during construction in order to prevent the problems. 

The lessons learned that apply to this case study include:
• Because this building was utilizing an HRV system and 

because this was resulting in large air flows of supply 
and exhaust to each apartment, this building should have 
undergone a detailed pressure analysis to determine what 
areas were going to be vulnerable. This is most important 

Figure 10 – Unsealed opening directly to the exterior, as seen from wall cavity. Failure 
to seal openings allowed outside air/vapor to infiltrate directly into the wall cavity.

Figure 11 – Gaps at the precast joints 
at the interface of the sun screen 
track and the precast panel.

Figure 12 – Example of three-plane 
connection joint that allowed air 

infiltration. Note: White sealant is 
remedial work to seal air infiltration gap.
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when the airflows to each space 
have little difference between them 
(supply/return/exhaust), as was 
the case with this building. This 
requires reviewing different opera-
tional sequences of the HVAC system 
and then recording those on the 
drawing in the same way that an 
HVAC designer would record his or 
her design airflows. Then an analy-
sis of the resulting pressure gradient 
from those air flow differences could 
be performed, and the portion of the 
building that was going to be vulner-
able to the incorrect pressure gradi-
ent would be identified. This has 
become a greater problem in the last 
10 years, as so many building HVAC 
designs have begun to use energy 
recovery approaches that require the 
airflows between supply and return/
exhaust to be very close in value. 
Anytime this happens in a building, 
there is a greater risk of unintend-
ed pressure differentials occurring 
between spaces and between the 
space and the outdoors (across the 
façade).

• It is often said in our industry that 
the continuity of the materials and 
components that form the air bar-
rier system is even more important 

than whether or not the air barrier 
materials or systems pass perfor-
mance testing. In the case of this 
building, because it was influenced 
by the HVAC system design, any 
small opening or gap resulted in 
air flow directly into the wall cav-

ity. Therefore, during construction, 
inspection of the façade transitions 
and termination points should have 
been conducted to confirm that con-
tinuity of the air barrier system was 
occurring. 

CONCLUSIONS
The goals of increased energy efficien-

cy and sustainability for many of today’s 
buildings have led to stricter building code 
requirements, advances in material and 
product development, more stringent test-
ing standards, and the commissioning of 
building enclosures and mechanical sys-
tems. This trend will continue in the fore-
seeable future as we move toward buildings 
designed to achieve zero net energy con-
sumption. The benefits of these objectives 
include reduced energy consumption, a 
reduction in the use of natural resources, 
lower maintenance costs, improved durabil-
ity, and healthier, more comfortable envi-
ronments. 

It is important that designers, contrac-
tors, and building owners approach these 
objectives from a holistic perspective and 
gain a better understanding of the inter-
relationship between components and sys-
tems of these high-performance buildings. 
To realize a true high-performance build-
ing in a warm and humid climate, it is not 
enough to merely specify approved building 

Figure 13 – Visible mold caused by outside air/vapor intrusion traveling between 
the cabinet and the ceiling.

Figure 14 – Visible damage to the finished surface of the cabinet.
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enclosure components and energy-efficient 
mechanical systems, to meet stringent test-
ing standards, and achieve sustainable 
objectives. More attention to installation-
sensitive building enclosure details and 
a more accurate understanding of the 
mechanical systems’ influence on the pres-
sure differentials throughout the building 
must be included. Otherwise, the damaging 
effects of moisture will negate or severely 
diminish the primary intent of durability, 
energy efficiency, and sustainability.
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