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Abstract | B E

Risks for developers of supertall and megatall towers come in many forms, as these
developments are high profile and complex. One present risk is the financial and disruptive
impact of stack effect. Stack effect is the movement of air into or out of buildings due to air
buoyancy, caused by a difference in temperature and humidity between the indoors and
outdoors. Uncontrolled airflow and pressure related to stack effect always exists — especially

in supertall and megatall towers — but can be exacerbated by extreme outdoor conditions.

This paper presents strategies for mitigating risks through simulated stack effect conditions

of realistic configurations of megatall towers. Stack effect will be reviewed parametrically to
establish a design basis considering a tower’s response related to geographic design conditions,
envelope construction, lobby configuration, and space pressurization. Stack effect can be
effectively mitigated if analyzed holistically and addressed early in design, resulting in significant
energy cost savings.

Keywords: Facade, Megatall, MEP, Stack Effect, Sustainability and Vertical Urbanism
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Introduction

Urban centers are expanding vertically,

with now over 1,000 completed tall buildings
greater than 200 meters (Gabel 2016). The
pace of tall building completion also continues
to quicken as 2015 broke the record for tall
building (>200 meter) completion, previously
set the year before. Additionally, the number
of completed supertall buildings (>300 meter)
is now twice what it was in 2010 (Gabel 2016).
These trends have reshaped urban centers,
but also presented new architectural and
engineering challenges. Critical to consider

as these trends continue is the impact of
stack effect on tall buildings and best practice
design methods to help mitigate stack effect
related issues.

Uncontrolled Airflow Can Wreak Havoc on
Tall Buildings

Stack effect is the movement of air in or out
of a building, driven by the buoyancy of the
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air due to the difference in temperature or
humidity between the indoors and outdoors. If
left unchecked, stack effect related airflow and
pressures can lead to a host of problems for tall
building owners, occupants, and operators.

Stack effect is characterized by vertical air
movement inside buildings and an increased
infiltration. Uncontrolled airflow through the
building envelope is untreated air, which
must be heated or cooled at the building

air handling system, with significant energy
cost implications.

The stack effect related uncontrolled air
movement and pressure differences in
buildings may also create comfort issues for
occupants. Stack effect can lead to “windy”
interior conditions, doors that are difficult

to open or close, and whistling noises. In
prestigious supertall and megatall buildings,
this level of occupant discomfort is often
considered to be unacceptable.

Building systems and operations can also be
adversely affected by these conditions. Elevator
shafts create a continuous vertical conduit for
air movement, so there is typically significant
stack effect air movement and pressure within,
which may impede elevator door openings
and cab travel. Elevators can create piston
effect pressure in the shaft, which can be
heightened by stack effect airflow. This is
especially a concern in supertall and megatall
buildings, where fast elevators and limited shaft
clearance around the cab due to core space
constraints are typical.

Stack effect pressures can also create significant
back pressure on building fan systems, with air
handling systems required to run at elevated
fan static pressure to overcome stack effect,
which leads to increased energy cost and
operational complexity. This is especially
critical for life safety systems such as stair
pressurization or atrium exhaust systems, as
the systems must be designed and controlled
to operate against stack effect pressure under
varying climatic conditions.

Ultimately, stack effect pressures are enhanced
when coupled with increased air infiltration
due to climatic wind forces imposed on
supertall and megatall buildings causing
undesirable and uncontrolled airflow within
the buildings.

Stack Effect Will Always Exist in
Tall Buildings

The uncontrolled airflow and pressures related
to stack effect will always exist in buildings,

Figure 1. Stack effect schematic for winter design condition (Source: Environmental Systems Design, Inc.)
B1. £=WEMN (KR Environmental Systems Design, Inc.)

exacerbated by extreme outdoor temperatures
and wind, and will be especially prevalent in
tall, supertall, and megatall buildings. While
impossible to eliminate, stack effect can be
appropriately managed and mitigated through
careful building planning and design.

Air buoyancy occurs in either an upwards

or downwards direction within a building
depending on the temperature variation
between indoors and outdoors. With warm
outside conditions, downward air buoyancy
(gravity driven drop of relatively cool,
conditioned air molecules) leads to vertical

air movement down through the building
with uncontrolled infiltration (airflow into

the building) at upper levels and exfiltration
(airflow out of the building) at lower levels. The
opposite occurs with cold outside ambient
conditions as upward air (rise of relatively
warm, conditioned air molecules) leads to
vertical air movement up through the building
with infiltration at the base of the building

and exfiltration at upper levels. The winter
stack effect condition is shown
diagrammatically in Figure 1.

The magnitude of the air buoyancy and

stack effect is driven by the hydrostatic
pressure variation created by the weight of a
column air inside the building compared to
outside. The hydrostatic pressure depends on
the height of the air column and the air density,
a function of temperature and humidity ratio.
Stack effect pressure differential is proportional
to the temperature difference between interior
and exterior and to the building height, so
therefore will be most pronounced in tall
buildings and in locations with extreme
outside air ambient conditions.
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Figure 2. Stack effect variation due to climatic location, winter design condition (Source:

Environmental Systems Design, Inc.)

B2 £ A EMIPSEENAEMANLLE (B Environmental Systems

Design, Inc.)

The effect of climate on stack effect can be
seen in Figures 2 and 3, where the simulated
net infiltration per floor is plotted for a
representative 150-story, 570-meter, megatall
building. The net infiltration is the sum of all
air leakage into the building less all air leakage
out of the building for a given level. The air
leakage may be through cracks or joints in
the curtain wall or through exterior doors.
Positive infiltration values indicate airflow into
the building and negative infiltration values
indicate airflow out of the building.

Figures 2 and 3 compare the stack effect
response for the same building simulated in
four different climatic locations for winter and
summer conditions. The general response
pattern is similar for all locations, but it is
apparent that stack effect airflows are greatly
exaggerated in extreme climates. Considering
the Chicago winter condition (nearly 70 °F or
38.9 C variation from inside temperature), there
is significant infiltration into the building at the
lower levels, with strong exfiltration at the top
of the building. For the Jakarta winter design
condition (less than one °F or 0.5 C variation
from inside temperature), there is almost no
airflow in or out of the building at any level.

The summer and winter conditions are also
seen to be mirrors of each other (refer to

Figure 3. Stack effect variation due to climatic location, summer design condition

(Source: Environmental Systems Design, Inc.)
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Figure 4), with reverse airflow patterns. The
building response to both the summer and
winter condition includes neutral planes with
zero net infiltration at identical levels, but

the magnitude of the winter airflow is much
greater, proportional to the difference between
inside and outside temperatures.

Integrated Design as a Means to Minimize
Stack Effect

Current trends include the construction

of increasingly tall buildings, often located

in extreme climates, so stack effect must

be managed and mitigated by providing
vertical compartmentalization (such as
elevator and stair transfers) and by providing
continuity of the air barrier boundary. Vertical
compartmentalization effectively creates

a series of shorter stacked buildings where
the magnitude of stack effect is reduced. A
robust air barrier between inside and outside
helps limit uncontrolled airflow through the
building envelope. It is especially important
to separate the building exterior from vertical
pathways such as stair and elevator shafts,

so tight-sealed elevator lobbies or similar air
barriers can be helpful.

Figure 4. Stack effect comparison of Chicago summer and winter design conditions

(Source: Environmental Systems Design, Inc.)
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Compartmentalization and multiple

layers of tight air barriers are the two most
effective tools to combat stack effect, but
may not always be feasible architecturally

or programmatically. The most effective
means to mitigate stack effect is to establish
an integrated, holistic design process that
incorporates these features into the building
from early design stages. Appropriate
vestibules, stair or elevator transfers, proper
elevator shaft size/design, effective HVAC
system zones/air risers configuration, and
other features are easiest to incorporate when
integrated into the program early.

Building response to stack effect conditions
can be simulated during design to identify
"hotspots,”or areas where airflows and
pressures will be especially problematic due to
the architectural configuration. These areas can
then be addressed with additional levels of air
barrier protection or specialized pressurization
systems to reduced uncontrolled air exchange
between indoor and outdoor.

The holistic design process should also
include effective detailing of the curtain wall
enclosure, especially at corners, setbacks, and
other areas where construction anomalies can
provide an air leakage path. Figure 5 shows

Systems Design, Inc.)

Design, Inc.)
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Figure 5. Stack effect variation due to envelope tightness (Source: Environmental
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the importance of a tight building envelope
as infiltration due to stack effect increases
dramatically for average and loose envelopes.
Note that the definition of tight, average, and
loose construction is based on curtain wall
leakage rates from a dated study of mid-rise
buildings. While not necessarily applicable for
modern tall building construction, which are
all typically designed to be tight or better, the
relationship still applies.

Construction anomalies will always exist, even
in a well-designed, well-detailed building, so
it is important to have a strong construction
phase quality control and oversight and
commissioning of the building envelope

to confirm the design intent and design
criteria are fully met. Small anomalies, such
as unsealed conduit penetrations to facade
lighting through the curtain wall, can have a
tremendous effect on the overall curtain wall
leakage rate, and in turn, the magnitude of
stack effect.

When not fully addressed through an
integrated design process, stack effect is
significantly more costly and disruptive to
mitigate post construction. Problems in
existing buildings can still be addressed, but
not to the same extent. For example, it is
likely not economically feasible to add vertical
compartmentalization. A more robust air
barrier can be provided by adding vestibules
and sealing envelope openings, but even this
may be expensive and difficult if the building
is occupied.

Simulating Stack Effect Conditions to
Establish Best Practices

To help establish a stack effect design basis,

a software tool was used to simulate airflows
and pressures within a representative, megatall
building. With the software, a simplified
theoretical building model can be created
that consists of the primary building zones
and the airflow leakage paths between those
zones. The pressures created by external wind
at various elevations derived from wind tunnel
evaluations, ambient design temperatures at
various elevations, and building air handling
systems can be imposed on the model, with
calculated theoretical pressure and airflow
within each zone and across each airflow path
asan output.

The software is a powerful tool that enables
analysis of complex airflow and pressure
relationships in buildings, but also provides

a mountain of data. Parametric studies on
climatic variation and envelope tightness
were discussed previously, with net infiltration
charted as indicator of building stack effect
response. The climatic variation study
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Figure 6. Summary table of stack effect variation studies (Source: Environmental Systems Design, Inc.)
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considered four locations to demonstrate the
effect of outdoor ambient temperature on
stack effect, but all other parametric studies
consider the Chicago winter design condition
only, as it represents extreme climatic case.

As another indicator of whole building stack
effect response, the cumulative positive
infiltration into the building can be considered.
A positively pressurized building with airflow
out of the building is generally desired as
controlled, conditioned air flows out through
the curtain wall. Positive infiltration introduces
untreated, uncontrolled, unconditioned
outside air into the space, all of which
eventually gets conditioned by the building

air handling systems, adding to the building
heating or cooling load. For the Chicago winter
design condition, the cumulative positive
infiltration is presented in air volume (L/s) as
well as the additional heat load imposed on the
building (kW). A summary of the results from all
studies is shown in Figure 6.

(3] Environmental Systems Design, Inc.)
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Figure 7. Stack effect variation due to HVAC system pressurization (Source: Environmental Systems Design, Inc.)
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The impact of mechanical system
pressurization on stack effect is represented in
Figure 7, which compares building air handling
systems that are -10 percent pressurized (10
percent more exhaust than outside air intake),
neutral pressurized (equivalent exhaust and
outside air intake), and +10 percent pressurized
(10 percent more outside air intake than
exhaust). The positively pressurized building
can be seen to outperform the other two
cases, with less positive infiltration at each
level and overall.

Especially in cold climates, many buildings shut
outside air dampers in winter in an effort to
save on heating energy costs, but this practice
only exacerbates stack effect and creates more
issues than it solves. The best practice is to
positively pressurize the building lobby and
other areas on lower floors of the building

that are especially prone to stack effect related
infiltration. Positive pressurization using the
building air handling system will provide
controlled introduction of conditioned outside
air into the space, and will help minimize stack
effect as shown in Figure 7.

(3B Environmental Systems Design, Inc.)
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Figure 8. Stack effect variation due to freight vestibule configuration (Source:

Environmental Systems Design, Inc.)

E8. BRI EMAEERNZ IR (K& Environmental Systems

Design, Inc.)

The impact of effective air barrier design is
highlighted in Figures 8 and 9, which show
variation due to freight elevator vestibule
configuration and core elevator lobby
configuration. For supertall and megatall
buildings, it is critical to provide as many layers
of air separation (defense) between primary
vertical pathways (such as stairs or elevators)
and the building exterior. Typical stairs or
elevators that transfer and have shaft heights of
less than approximately 40 floors should have
two lines of defense between the shaft and
exterior: for example, a gasketed elevator lobby
door and a tight-sealed curtain wall.

Critical shafts that connect more levels such as
those for freight or observation deck service
will require even more protection. Freight
elevator vestibules are especially important
to help limit vertical shaft airflow, which can
intensify elevator piston effect as discussed
previously. The simulated peak shaft airflow
was shown to be 40 percent greater with a
loose freight vestibule and 70 percent greater
with no freight vestibule, compared to a tight
freight vestibule. Access hatches at the top

of elevator shafts and in the elevator pit also
need to be properly gasketed and sealed to

Figure 9. Stack effect variation due to core elevator lobby configuration (Source:

Environmental Systems Design, Inc.)

Design, Inc.)

combat stack effect .Some authorities having
jurisdiction may require shaft ventilation, in
which case special consideration needs to be
given to controls and operation so that the
ventilation system doesn't serve to amplify
stack effect.

In all studies, there are a handful of airflow
spikes that occur at consistent levels as a result
of the specific building architecture. The large
spikes at the base of the building are due to
the exterior entrances, which are always a
path for infiltration even when vestibules and
revolving doors and vestibules are utilized.
Revolving doors were actually invented in 1888
as a means to prevent air inrush at building
entrances due to stack effect and have

since become the standard for tall building
entrances. Additional spikes in the figures
represent elevator and stair transfers as well

as mechanical floors. The top of one elevator
shaft develops a strong exfiltration path, while
the bottom of a separate shaft immediately
above develops a strong infiltration path, seen
in the charts as a rapid spike. Additionally, the
mechanical floor configuration includes an
additional freight elevator opening, which

is not vestibuled for ease of access and
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Figure 10. Stack effect variation due to critical-level air barrier configuration (Source: Environmental Systems

Design, Inc.)

H10. EZRETSHEMETREMN SN (KR Environmental Systems Design, Inc.)

operational functionality. Adding a freight
vestibule at these four critical levels reduces
the total positive infiltration by six percent,
charted in Figure 10.This result underscores
the importance of stack effect analysis to
determine and address “hotspots!”

Energy and Financial Impact of Stack Effect
Mitigation

There are distinct sustainability and economic
benefits to urbanization and tall building
construction, such as improved access to
goods and services and thus occupant
transportation reduction, the reduction of

total building materials per occupiable area,
efficient use of land, and increased occupant
density; however, stack effect is one issue that
pushes the needle in the wrong direction. If not
appropriately mitigated, stack effect can lead to
significant energy penalties for tall buildings.

Using the Chicago winter design conditions,
Figure 6 includes the simulated heating load

imposed on the representative megatall
building. In this scenario, the baseline building
with tight envelope and tight elevator lobby
configuration requires nearly one MW of

heat to offset the stack effect infiltration on a
design day.

Stack effect cannot be eliminated in tall
buildings, but even a small reduction would
have significant sustainability implications.
Considering the entire tall building stock over
200 meters (quantity 1,040), the approximate
order of magnitude annual heating load as a
result of stack effect is nearly 100 GWh. Even a
10 percent reduction would provide nearly 10
GWh of heating load savings, equivalent to the
annual power consumption of approximately
10,000 homes. Additional annual savings would
be also achieved due to reduced infiltration
cooling load in summer with stack effect
mitigation measures in place.
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Next Steps to Improve Stack Effect
Mitigation Industry-wide

Stack effect and its associated operational
and financial risks will continue to impact tall
buildings, but these risks can be reduced with
the help of some recommended industry
advancements.

Additional research is needed to collect real
data from existing buildings, which would be
beneficial for building owners, operators, and
designers to see how real buildings behave.
Design criteria for curtain wall leakage is
typically based on a standard module tested

in a lab, but the bulk of the actual air leakage
path once constructed will be through atypical
joints and other anomalies. Data for whole floor
or even whole building curtain wall pressures
and airflows could help validate current
industry-accepted leakage rates, to be used as
the basis for future analyses and designs.

Data from existing building may prove difficult
to extract as building owners may be hesitant

to share data relating to stack effect issues due
to potential negative publicity; however, stack
effect is pervasive across the entire world's

tall building stock and effective solutions

to mitigate the impact in existing and new
buildings will be more readily available if the
information is available. Perhaps something
similar to energy benchmarking programs
would help encourage the sharing of data
related to stack effect issues. Additional data
will help the industry better understand stack
effect and the best practices to help design,
build, and operate tall buildings to mitigate the
negative impacts of stack effect.

Further focused research is also needed to
develop best practice guidelines and standards
for stack effect mitigation in new buildings.
Some publications exist with limited broad
stack effect principles and mitigation measures,
but the industry would benefit from a more
concentrated research effort on the subject.

As new tall buildings continue to push

the envelope on maximum height, stack
effect will be an enduring challenge. With

an integrated design process, mitigation
measures, and more research into real building
stack effect response, the industry can reduce
stack effect issues.
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