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Abstract

Stack effects in high-rise buildings cause noise, drafts, and elevator door malfunctions
during cold weather yet remain difficult to control. Because vertical shafts couple pres-
sures between floors, local fixes at a single lobby can unintentionally disturb the pressure
field elsewhere. To analyze these interactions, we developed a measurement-calibrated
CONTAM multizone model of a 43-story office building and evaluated representative
local countermeasures. Under base winter conditions, the pressure difference across the
problematic first-floor high-rise elevator doors is 56 Pa, driving approximately 1300 CMH
of airflow through the door line. First-floor depressurization reduces this to 34 Pa (about
30% lower airflow) but simultaneously increases the pressure at the main entrance doors
from 19 to 39 Pa. Additional first-floor partitions slightly reduce pressures on upper high-
rise floors, whereas opening exterior windows in the high-rise zone increases shaft airflow
by 7.7% and further amplifies elevator door pressures. We show that neutral pressure
level (NPL) shifts into vertical shafts are a key mechanism limiting the effectiveness of
purely local interventions. These results demonstrate that effective countermeasures must
be designed at the whole-building scale, jointly controlling pressure redistribution and
neutral-pressure-level movement while directing unavoidable pressure transfer toward the
exterior envelope and away from sensitive interior spaces.

Keywords: stack-effect; indoor environmental quality; countermeasure; building simulation;
ventilation efficiency

1. Introduction

The stack effect in high-rise buildings is driven by buoyancy when the outdoor air
temperature is significantly lower than the indoor air temperature. Under such conditions,
vertical pressure differences develop along the building envelope and vertical shafts, and
air is driven through elevator doors, stairwells, lobbies, and other leakage paths. When
parts of a building are subjected to excessive pressure differences or when stack-effect-
induced airflow becomes large, serious operational and safety problems can arise; therefore,
appropriate control is required [1,2].

Stack-effect-related problems are broadly associated with two aspects of building
performance: everyday operational (or residential) performance and disaster-prevention
(life-safety) performance. In terms of operational performance, reported issues include
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malfunction and incomplete closing of elevator and internal doors, excessive noise, strong
drafts in elevator halls and corridors, increased heating and cooling loads due to infiltration
and moisture ingress, odor transfer, and degradation of heating, ventilation, and air-
conditioning (HVAC) performance [1,3,4]. From a life-safety perspective, the stack effect can
significantly influence smoke movement and the spread of toxic gases during fire events and
can also intensify the transport of airborne contaminants under non-fire conditions [1,5-8].
Because these phenomena directly affect both occupant comfort and life safety, reliable
mitigation strategies for stack effect are required in high-rise buildings.

Fundamental studies by Tamura and co-workers have clarified the physical mecha-
nisms of the stack effect in tall buildings. Tamura introduced the concept of the thermal
draft coefficient (TDC) to quantify stack-effect-induced pressure differences [1,2]. Subse-
quent airtightness studies of exterior walls, stair shafts, elevator shafts, and doors further
demonstrated that internal divisions such as shafts and doors are generally less airtight
than the exterior envelope and that division-by-division airtightness strongly influences
stack-effect behavior [9-13]. These findings provide the theoretical basis for the present
study, where TDC-based relationships are used to interpret pressure distributions and to
calibrate a multizone model of an actual high-rise office building.

Building on this fundamental knowledge, many studies have investigated stairwell
and shaft pressurization and mechanical venting as practical measures for smoke control
in tall buildings. Design manuals and handbooks for smoke management in high-rise
buildings [5-7] and experimental and analytical work on stairwell pressurization, shaft
pressurization, and dedicated smoke-control systems [8,14-22] have shown that pressurized
stairs and shafts, combined with mechanical venting, can effectively limit smoke spread
and control pressure differences during fire events. These works form the background
against which the present study considers stack-effect control under non-fire conditions.

In parallel, several studies have proposed operational and design strategies that
directly target stack-effect problems during normal building operation. HVAC-based
pressure control and system operation have been shown to influence stack effect in tall
buildings [3,4], while zoning, added divisions along vertical airflow paths, and shaft
cooling have been suggested as ways to mitigate stack-effect symptoms in residential and
office buildings [23-25]. More recently, the combined effects of thermal buoyancy, wind
action, lobby entrance conditions, on pressure differences have been analyzed for high-
rise buildings [26]. These studies show that local pressurization/depressurization, shaft
cooling, zoning, and HVAC-based strategies can effectively alleviate stack-effect symptoms
at specific locations.

Nevertheless, stack-effect problems in high-rise buildings continue to be reported.
One important reason is that the examination and application of countermeasures have
generally focused on the specific locations where problems are observed (for example, a
particular elevator hall or lobby), without sufficiently considering the coupling of pressures
and airflow throughout the building. In particular, the movement of the neutral pressure
level (NPL) and the redistribution of pressure differences among floors and compartments
have rarely been analyzed from a whole-building perspective, even in recent studies
on pressurization, zoning, and HVAC-based control [3,4,14-22,24-26]. As a result, local
countermeasures may successfully reduce stack-effect symptoms at the treated location
but can inadvertently generate secondary problems, such as increased pressure differences,
airflow, noise, and incomplete door closing, at other floors or in other compartments
through inter-compartment pressure redistribution.

This study aims to address these research gaps by combining theoretical considera-
tion of vertical and horizontal pressure distributions with a calibrated multizone airflow
model of a real high-rise office building. A CONTAM model of an existing 43-story office
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building is developed and calibrated using measured pressure distributions on a repre-
sentative floor and measured airtightness (equivalent leakage areas) for selected divisions,
including exterior walls and elevator doors. Using this calibrated model, we analyze how
conventional local stack-effect countermeasures influence the building-wide pressure field,
including NPL shifts and redistribution of pressure differences among compartments. The
main contributions of this work are threefold. First, we quantify the characteristics and
variations of vertical and horizontal pressure distributions under stack effect in an actual
high-rise building using a measurement-calibrated multizone model. Second, we evaluate
the effectiveness of local countermeasures not only at the target location but also at the scale
of the entire building, explicitly considering NPL movement and pressure redistribution,
and we identify secondary problems arising in zones where no countermeasure is applied.
Third, based on these analyses, we propose a building-wide, interconnected application
strategy for local countermeasures that mitigates stack-effect problems while minimizing
unintended NPL shifts and secondary adverse effects.

2. Methodology
2.1. Research Question and Hypothesis

This study originated from the question of why stack-effect problems in high-rise
buildings remain difficult to resolve. A review of previous studies indicated that most
countermeasures are applied locally, focusing on the zones where symptoms appear (e.g.,
specific lobbies or elevator halls). In practice, only the pressure differences and airflow
around these zones are controlled, while the interconnection between all parts of the
building is not fully considered. We therefore hypothesized that local countermeasures
trigger a redistribution of pressure and airflow throughout the building, which can both
reduce their effectiveness and generate secondary problems.

2.2. Overall Workflow: TDC Analysis and Multizone Simulation

To examine this hypothesis, two complementary approaches were adopted, as sum-
marized in Figure 1. Method 1 is a theoretical analysis (Section 3) based on the TDC
concept and on the relationships between pressure differences and leakage-area distribu-
tions. Method 2 is a multizone airflow model of a real 43-story office building with reported
stack-effect problems, and it analyzed several local countermeasures using CONTAM
(Section 4). As indicated in the right-hand panels of Figure 1, the calibrated leakage-area
distribution is used as common input to both methods, and the evaluation step compares
theoretical and simulated pressure/airflow distributions, NPL shifts, and the occurrence of
secondary problems under each local countermeasure.

2.3. Determination of Leakage Areas and Model Calibration

A key step in the methodology is the determination of the leakage areas of each
building compartment. As an initial estimate, the airtightness of each building part was
defined using data compiled in previous studies [9,10,12]. Because these values do not
necessarily match the actual airtightness of the target building, we conducted simultaneous
measurements of absolute pressure on a reference floor (40 F), covering all interior zones
and the outdoor space defined by the floor plan, and performed leakage tests for part
of the exterior envelope. The measured data were then incorporated into Tamura’s TDC
equations [1,2], as detailed in Section 3, to back-calculate the equivalent leakage area
of each compartment. In this way, a realistic leakage-area distribution for the target
building was obtained and implemented as input to the CONTAM multizone model
described in Section 4. Once these inputs were defined, the simulations yielded the vertical
pressure distribution (including the neutral pressure level, NPL) and the horizontal pressure
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differences at each floor for each case of local countermeasure, allowing us to evaluate
building-wide pressure and airflow redistribution.

Research question
Persistent stack-effect problems in high-rise buildings

]

Hypothesis
Local countermeasures without a whole-building
view- redistribution of pressure and airflow

l

Measurements
Pressures and leakage
- basis for calibrating leakage areas

l

Method 1. TDC-based theoretical analysis D_eri\(e leAakage-area ‘
Use measurements to derive leakage-area distribution d'sg'b‘:t/'ﬁn and ttheleorencal
; | vertical/ horizontal pressure
and expected pressure/airflow | profiles (including NPL)
|
v

Method 2 - CONTAM multi-zone simulation Apply calibrated leakage areas to
43-story office building using leakage-area distribution | | 43-Story buildingmodel; simulate

from ‘Method 1’ as input base case and local
countermeasure cases (Cases 1-6)

I E

Evaluation Compare Method 1 and Method 2:

Compare theoretical (Method 1) and simulated NPL shifts, pressure E
(Method 2) pressure/airflow distributions, NPL shifts redistribution, airflow changes, i
and secondary problems. and secondary problems. !

Figure 1. Methodological framework of the study, combining TDC-based theoretical analysis of
vertical and horizontal pressure distribution (Method 1) with measurement-calibrated CONTAM
multizone simulation of a 43-story office building (Method 2) to evaluate NPL movement and
inter-compartment pressure redistribution under local stack-effect countermeasures.

3. Theoretical Analysis of Pressure Distribution Under the Stack Effect
3.1. Vertical Pressure Distribution and Variation

As shown in Figure 2, the vertical pressure distribution in a building under the stack
effect is governed by the location of the neutral pressure level (NPL) and the indoor—
outdoor temperature difference. At the NPL, the indoor and outdoor absolute pressures
are equal; above and below this level, their magnitude relation is reversed.

A
Height
(m) .
----- Opening
Indoor
Pressure Qout
aA,
Neutral Pressure Level(NPL)
Opening
Qutdoor
Pressure Qi
aA,

Absolute Pressure [Pa]

Figure 2. Vertical pressure differences.
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In Figure 2, Qin and Qqyt denote the air inflow and outflow rate (m3/s), aA; and oA,
are the equivalent leakage areas (m?), and AP; and AP; are the corresponding pressure
difference (Pa). In an actual building, an NPL is formed in each vertical shaft, and its
height is determined by the level at which the total inflow to the shaft equals the total
outflow. Hence, the NPL location is fundamentally controlled by the vertical distribution
of leakage areas.

Equations (1)—(3) express these relationships between airflow rates, leakage areas,
and pressure differences in a shaft under stack effect, where p is the air density (kg/m?).
When «A; is larger than «A,, the NPL lies in the lower part of the building, and the upper
floors are subjected to larger pressure differences than the lower floors. Conversely, when
the leakage area below the NPL is larger, the NPL shifts upward, and the lower floors
experience larger pressure differences. Therefore, any change in the equivalent leakage
area in a particular region, or any other factor that modifies the airflow balance above and
below the NPL, will shift the NPL and alter the vertical pressure distribution.

2
Qin = "‘AH/EApl 1
2 2
Qin = Qout & aAy| ;Aplz aAy | EAPZ 2)

aA1 =aAy) & AP = AP,
aA1 > Ay & AP < AP, 3)
a <=wahAy & AP > AP

The gradients of indoor and outdoor absolute pressure are determined by their respec-
tive air temperatures, so the same indoor—outdoor pressure difference occurs at the same
vertical distance from the NPL, regardless of the absolute height of the NPL. In the target
43-story office building, these principles are applied mainly to the high-rise elevator shaft,
which has its own NPL and dominates the stack-effect problems observed at 1 F and 40 F.

3.2. Horizontal Pressure Distribution and Variation

The horizontal pressure distribution in a building under the stack effect is determined
by the relative ratio of leakage areas among building divisions. To illustrate this, Figure 3
and Equations (4)—(8) consider a simplified floor divided into the exterior and two interior
divisions: the interface between the indoor space and the elevator hall, and the interface
between the elevator hall and the elevator shaft.

1
Y=—"—"7 (4)
ATU
1+ (42)
3
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Ap= | — 4+ 5
‘ (Azl ! Azz) ©
AP = (1 — 7)APy @)

1 1-

8Py = ——ap, = =T ap, ®)
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»
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Figure 3. Horizontal pressure differences.

In these equations, -y is the TDC of the building exterior (-), Ay is the leakage area of
exterior wall (m?), Ay, is the total leakage area of interior divisions (m?), Ap1 and Ay is
the leakage areas of the first interior division and the elevator shaft (m?), APy, APs,, APyy,
and APy, are the corresponding pressure difference (Pa) and APy is the total stack effect
pressure (Pa).

Equations (4)—(8) show that the pressure differences acting on each division are func-
tions of the leakage-area ratios. A division with a larger leakage area experiences a smaller
pressure difference, whereas a more airtight division bears a larger pressure difference.
Thus, by changing the leakage areas (for example, by improving airtightness or introducing
an additional partition), the horizontal pressure distribution can be intentionally redis-
tributed, even though the overall indoor—outdoor pressure difference due to the stack effect
remains unchanged.

Pressurization or depressurization of a specific space also modifies the horizontal
distribution. In this case, pressurized/depressurized space is treated as a separate division,
and the pressure differences are repartitioned around it. For example, if the upper indoor
space in Figure 3 is pressurized, the pressure difference between the elevator shaft and the
indoor space decreases and is shared between the shaft division and the division between
the indoor space and the elevator hall, in the same ratio as before pressurization. At the
same time, the pressure difference between the indoor and outdoor air increases and is
borne by the exterior wall; in this limiting case, the TDC of the building exterior approaches
unity. Introducing additional partitions redistributes the pressure difference across multiple
divisions and is therefore an effective way of mitigating stack-effect-related problems in
individual divisions.

In the target building, the three divisions in Figure 3 correspond to the high-rise
elevator shaft, the high-rise elevator hall, and the adjacent office/vertical-circulation zones
on 1 F and 40 F. The local countermeasures investigated in Section 4 act by changing the
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leakage areas or pressures of these divisions, and the simulation results in Section 5 are
interpreted directly using these relationships.

4. Target Building and Simulation Model
4.1. Overview of the Target Building and Observed Stack-Effect Problems

Figure 4 shows a longitudinal section and representative floor plans of the target
building: (a) a vertical section illustrating the center core and main vertical shafts; (b) the
first-floor plan including the main entrances and elevator halls where severe stack-effect
problems have been reported; and (c) the 40th-floor plan, which is used as a reference floor
for pressure measurements and for presenting horizontal pressure distributions in Section 5.
The building is a large 43-story office building with 8 basement levels and a total floor
area of 196,507 m2. The main vertical circulation elements consist of passages, passenger,
shuttle, and emergency elevators, as well as an emergency stairwell that connects all floors.

71.9m

P Stairwell <
High-rise ®
40th floor. H elevator ol Single door — = £
L g < Revolving door»> < §
000 — £fe N S— i
& _ = HS 1 &
/000 — q ! 3 + 5
=iz —] = o it Dalalinfe g == -
FHHHH — 3 ] 8 e 1 ————
e I— : H | N | = 10
uin T Mid-rise s 0 S =S i‘!_% i
28th floor. noo — elevator § g £ (Lt i
0 z '
— i3 E— Lobby [E i
C0od— | — Low-rise Vestibule Rfvolvingdoor T
17thfloor 000 7S] — elevator TN T RA T IRE
— VN VN %"
Ooaran Loy YN YN
F—HHHAH — Entrance
(ERENEMEIRYIE A Iy — B 62.7m
th.floor NAMAREARIT W N — :
I INNEERNE W N — Shuttle High-rise elevator “
— HE D _/ elevator
— EREAEIRERIE AN Mid-rise elevator
AESEEINER] B A /| . Emergency High-rise Emergency
1stffloor Low-rise elevator elevator elevator elevator
nimimfilinhii m nj! Emergency elevator ‘ v ¥ agi W i
B2 =
11 i Shuttle elevator ‘ L s .
I ) — Stairwell (P g = 43
B5 a T <
\> Emergency / e ===
elevator Elevator hall--------- L)
door ~Stairwell
I; Office zone
(a) (©)

Figure 4. Section and floor plans of the target building: (a) longitudinal section; (b) first-floor plan
showing the main entrances and elevator halls; (c) 40th-floor plan showing the office zone and the
high-rise elevator hall and shaft.

The passenger elevators are operated separately for low-rise (1 F-17 F), med-rise (1 F,
17 F-28 F), and high-rise (1 F, 28 F-40 F). The passenger elevator system consists of two
pairs of shafts facing each other, with four elevator cars operated in each shaft. The shuttle
elevators operate between the B7 and 4 F, and the emergency elevators serve all floors. The
target building has a center core plan, an elevator hall, and interior doors are installed on
all floors except for the first floor. Revolving doors are installed at the main and secondary
entrances on the first floor.

The HVAC system of the target building was originally designed so that normal air
conditioning operation would not significantly alter the indoor pressure. The control
strategy aims to keep the supply and return airflows on each floor approximately balanced,
and no explicit building-pressure tracking is implemented. Therefore, in the simulations,
only additional supply and exhaust flows associated with the local countermeasures were
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specified, while the baseline HVAC operation was assumed to have a negligible net effect
on building pressurization. In addition, a public pedestrian passage with a closed roof is
installed in the north-south direction between the target building and the annex to the east.
Revolving doors are installed at the south and north entrances of the passage.

Since completion, various stack-effect problems have been reported in the building.
The most serious symptom has been strong noise in the high-rise elevator hall on the first
floor (1 F). Other reported problems include noise and strong wind in the high-rise elevator
halls on the upper floors when the doors are opened, incomplete closing of doors between
high-rise elevator halls and the interior space, and noise at several interior doors. These
problems are all caused by excessive pressure differences and airflow through doors and
other openings and are therefore directly related to the equivalent leakage areas of the
corresponding divisions.

4.2. Measurements for Calibration of Leakage Areas

To reproduce the actual stack-effect characteristics of the target building, the airtight-
ness of each division was not assumed solely from literature values but was calibrated
using field measurements on a reference floor (40 F). On this floor, simultaneous measure-
ments of absolute pressure were carried out for all interior compartments and the outdoor
space defined by the floor plan. In addition, leakage tests were performed for part of
the exterior envelope. The measurement layout of 40 F and the equipment used for the
absolute-pressure and air-leakage tests are illustrated in Figure 5.

62.7m ===s Wall 1 (Exterior wall)

=== \Nall 2 (Elevator hall door)

== \Wall 3 (Elevator door)

Blower-door test space
Emergency High-rise Emergency
elevator elevator elevator

v H

o 3
H % &

Elevator hall-----—-__4
door
.

O Blower-door application space

@ ® © O Absolute pressure measuring points

43 2m

Absolute pressure measurement [Pa]

- T T T T T T TR

~--Stairwell

(2]

Office zone

(1]

Air-leakage area measurement [cm%/m?]

] . T 7@

B

Figure 5. Layout and equipment for pressure and air-leakage measurements on the reference floor
(40 F).

Absolute pressures were measured using an absolute manometer (GE Druck DPI 740;
range 75,000~115,000 Pa; accuracy £0.02% of reading; resolution 1 Pa). Differential pres-
sures were monitored with a multichannel scanner (GL Instrument MANA 2200-ip; scan
time 0.1~99 s) and a differential pressure gauge (FCO510; range —20,000~20,000 Pa; accuracy
£0.25% of reading; resolution 0.001 Pa). Leakage tests of the exterior envelope were conducted
using a blower-door system (Retrotec 2000 series; fan capacity 10,705 CMH; accuracy 5%),
following standard building pressurization and airflow measurement procedures [27-31].

The measured pressures were then combined with the TDC-based theoretical rela-
tionships described in Section 3 to back-calculate the equivalent leakage area of each
compartment. In this way, a realistic leakage-area distribution was obtained for the target
building. Representative calibrated leakage areas for major components (e.g., exterior
wall, revolving doors, automatic doors, elevator doors and stair doors), together with the
boundary conditions for the base-case simulation, are summarized in Table 1. Although
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a full quantitative validation of all airflow rates was not performed, the predicted NPL
locations and airflow directions in each elevator shaft were qualitatively checked on site
using simple smoke visualization tests, and the observed flow directions were consistent
with the simulation results.

Table 1. Boundary conditions and calibrated air-leakage areas for the base-case simulation.

Items Contents

Indoor temperature
Outdoor temperature
Parking area temperature

Air-leakage areas

24 °C (Design value)
2.5 °C (Measured value)
15 °C (Measured value)

Exterior wall: 2.3 cm?/m? (measured value)
Revolving door: 73 CMH at 50 Pa
Automatic door: 22 cm? /item
Swing door (double): 200 cm? /item
Swing door (single): 21 cm? /item
Elevator door for lower floors: 100 or 700 cm?/item
Elevator door for middle floors: 200 cm? /item
Elevator door for upper floors: 92-268 cm? /item
Emergency elevator hall door: 200 cm?/item
Elevator hall door for lower floors: 544 cm? /item
Elevator hall door for middle floors: 200 or 496.6 cm? /item
Elevator hall door for upper floors: 245-268 cm? /item
Staircase door: EQLA10 120 cm? /item (measured value)

Doors and windows Closed

4.3. CONTAM Multizone Simulation Model

A multizone airflow model of the entire building was developed using CONTAM. The
zones in the model include office spaces, elevator halls (low-, mid-, and high-rise), elevator
shafts, the emergency stairwell, the first-floor lobby, entrance zones, the covered public
passage and the basement parking area. The zones are connected by doors, leakage paths
and shafts according to the architectural layout of the target building. Figure 6 illustrates
the CONTAM multizone model on (a) the first floor and (b) the 40th floor. On 1 F, the
lobby, vestibules, revolving doors, elevator halls, and entrances are explicitly divided into
separate zones, while on 40 F the office zone and the high-rise elevator hall and shaft are
modeled in detail. Single doors, revolving doors, and leakage paths are represented as
airflow elements between zones.

g x t i
_ - Exterior wall o] ® - E tori "
| RER xterior wal
= Pedestri Single door » —} Emergency High-rise
- edestrian passage Revolving door -» L elevator elevator
CeE ERE RSl T ) - |
L - _ Lo Exterior | T T T
0] n | | |- 13 ° wall ° t { ° 71— 1 Emergency|
o 1 — " elevator
L_| ol ¥l -
bt I ] [T -] stairven T I O
ML L oLl L = F 1l } [ | -
Mid-rise High-rise Low-rise | : =T
elevator elevator elevator Shuttle Stairwell
elevator “
1+~ Exterior wall Lobby Office zone
Revolving door Vestibule -~ Revolving door
> e W 40th Floor
= 1st Floor
(a) (b)

Figure 6. CONTAM multizone model of the target building: (a) first-floor (lobby, entrances and
elevator halls); (b) 40th-floor (office zone and high-rise elevator hall and shaft).
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The leakage area distribution of each boundary surface was implemented in the model
based on the calibrated values described in Section 4.2. The base case indoor temperature
was set to the design heating value (24 °C), while the outdoor and underground parking

temperatures were set to the measured values (2.5 °C and 15 °C, respectively; Table 1). As

explained in Section 4.1, the case building is served by a floor-by-floor VAV air-conditioning

system that is operated so that the supply and return airflows on each floor are approx-

imately balanced, and the system does not include building-pressure tracking control.

Therefore, no net mechanical supply or exhaust flows were imposed on the zones in the

base-case model, and the HVAC system was represented only by the additional supply and

exhaust flows that implement the local countermeasures described in Section 4.4 (Table 2).

Table 2. Selection of local countermeasures and corresponding simulation cases.

Purpose

Local Countermeasures

Simulation Cases

Figure Related to Case

Basic case

Decreasing noise at the
high-rise elevator hallon 1 F

5000 CMH air exhaust from 1 F
high-rise elevator hall to public
aisle to reduce the pressure
difference at the 1 F elevator door

Case 1

Figure 7a

Additional air exhaust from lobby
with the HVAC system
(70,000 CMH supply,
89,740 CMH exhaust)

Case 2

Application of an additional

partition to the 1 F high-rise

elevator hall for dividing the
pressure difference

Case 3-1

Figure 7b

Application of additional
partitions to all elevator halls on
1 F for dividing the
pressure difference

Case 3-2

Figure 7c

Decreasing noise at the
high-rise elevator hall and
strong wind when opening the
elevator door on 40 F

Additional air supply to the
37 F-40 F elevator halls with the
HVAC system (100 CMH supply

to each floor)

Case 4

Figure 7d

Air exhaust from the high-rise
elevator shaft to the 21 F
mechanical room through a duct

Case 5

Figure 7e

Evaluating the influence of
opening exterior windows
(additional consideration on
stack effect problems)

Opening envelope 4 windows on
6F40F
(window size: 0.32 m x 1.67 m)

Case 6-1

Opening envelope 4 windows on
37F40F
(Window size: 0.32 m x 1.67 m)

Case 6-2

Opening envelope 4 windows on
6F9F
(Window size: 0.32 m x 1.67 m)

Case 6-3
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Figure 7. Schematic layouts of local countermeasures: (a) Case 1—exhaust from the 1st-floor high-
rise elevator hall; (b) Case 3-1—additional partition at the 1st-floor high-rise elevator hall entrance;
(c) Case 3-2—additional partitions at all 1st-floor elevator halls; (d) Case 4—additional supply to
37th—40th-floor high-rise elevator halls; (e) Case 5—duct connection between the high-rise elevator
shaft and the 21st-floor mechanical room.
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The simulation for each case was carried out under steady-state conditions using the
actual indoor design temperature (24 °C) and the outdoor temperature (2.5 °C) measured
when stack-effect problems were observed in the building. No wind pressures were applied;
airflow is driven solely by thermal buoyancy due to the indoor-outdoor temperature
difference and by the imposed local supply and exhaust flows listed in Table 2. Under these
boundary conditions, CONTAM computes the vertical pressure distribution, including the
neutral pressure level (NPL) in each shaft, and the horizontal pressure differences acting
on doors and walls at each floor. Thus, pressure differences and airflow rates through
each door and leakage path are outputs of the multizone calculation rather than prescribed
input settings.

In CONTAM, each leakage path and closed door was modeled as a flow element
whose characteristics were defined from the equivalent leakage areas in Table 1 and the
pressure—flow relationships described in Section 3. The network equations were solved
with the standard steady-state solver using default air properties and buoyancy treatment.
With the building geometry, thermal boundary conditions (Table 1), calibrated leakage-area
distribution (Table 1) and case-specific additional flows (Table 2), the simulations can be
reproduced without prescribing any global ventilation airflow rates or pressure setpoints.

4.4. Definition of Local Countermeasure Cases

Local countermeasures were selected to reflect feasible modifications in an occupied
building and to address the observed stack effect problems on the first floor and in the
high-rise zone. The selected countermeasures and the corresponding simulation cases are
summarized in Table 2. The implementation of the main countermeasures in the CONTAM
model is illustrated in Figure 7 (Case 1: Figure 7a; Case 3-1: Figure 7b; Case 3-2: Figure 7c;
Case 4: Figure 7d; Case 5: Figure 7e).

Because noise and strong wind at elevator doors on the first floor and on the high-rise
floors are caused by airflow through elevator door opening, the main strategy was to
reduce the airflow by decreasing the pressure difference across these openings. According
to Equation (1), the air through an opening is determined by the opening size and the
pressure difference across it. The local countermeasures therefore focus on reducing the
pressure difference across elevator doors either by depressurization/pressurization or by
redistributing the pressure among additional partitions.

For the high-rise elevator doors on the first floor, two primary approaches were considered:

e  First-floor depressurization (Cases 1 and 2):

e InCase 1 (Figure 7a), 5000 CMH of air is exhausted from the 1 F high-rise elevator
hall to the public aisle. In Case 2, additional lobby exhaust is provided by the
HVAC system (70,000 CMH supply and 89,740 CMH exhaust). Both approaches
aim to reduce the pressure difference between the high-rise elevator hall and the
high-rise elevator shaft by depressurizing the hall or the entire lobby.

e Additional partitions on 1 F (Cases 3-1 and 3-2):

e In Case 3-1 (Figure 7b), an additional partition is installed at the entrance to the
high-rise elevator hall on 1 F so that the partition shares part of the pressure
difference acting on the elevator hall and the shaft. In Case 3-2 (Figure 7c), similar
partitions are installed at the entrances to all elevator halls on 1 F (low-, mid- and
high-rise), distributing the pressure differences among multiple divisions.

For the high-rise elevator doors on the upper floors, two additional approaches were

examined:

e  Pressurization of high-rise elevator halls (Case 4):



Buildings 2025, 15, 4453

13 of 26

e In Case 4 (Figure 7d), additional air supply of 100 CMH per floor is provided to
the high-rise elevator halls on 37 F40 F through the HVAC system to reduce the
pressure difference between the halls and the high-rise elevator shaft.

Forced ventilation from the high-rise elevator shaft (Case 5):

e InCase 5 (Figure 7e), a duct is installed between the high-rise elevator shaft and
the mechanical room on 21 F to exhaust air from the shaft and thereby reduce the
pressure difference between the elevator halls and the shaft.

Finally, the influence of opening exterior windows on the stack effect was investigated:
Opening of exterior windows (Cases 6-1, 6-2, and 6-3):

e In these cases, four windows (0.32 m x 1.67 m) per floor are opened on different
floor ranges (e.g., 6 F—40 F, 37 F40 F, 6 F-9 F) to examine how increased exterior
leakage affects the vertical pressure distribution, NPL location, and airflow in the
high-rise elevator shaft.

The base case, which represents the current operating condition of the building without

any local countermeasures or window openings, was also simulated to provide a reference

for comparison.

5. Simulation Results and Discussion

The simulation results were analyzed from three viewpoints:
(i) mitigation of stack-effect problems at the locations where local countermeasures are

applied, (ii) occurrence of secondary problems caused by pressure redistribution and neu-

tral pressure level (NPL) shifts, and (iii) the influence of NPL movement on the effectiveness

and robustness of each countermeasure.

In the main text, the results are presented in a grouped form. For each set of counter-

measures, Figures 8-12 show:

(a)

(b)
(©

the NPL position along the building height for the base case and the corresponding
countermeasure cases,
the horizontal pressure differences and airflow on the first floor (1 F), and

the horizontal pressure differences and airflow on the representative high-rise floor
(40 F).
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Figure 8. Effects of first-floor depressurization (Cases 1 and 2): (a) NPL in the high-rise shaft;
(b) horizontal pressure and airflow on 1 F; (c) horizontal pressure and airflow on 40 F.
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Figure 9. Effects of additional divisions on the first floor (Cases 3-1 and 3-2): (a) NPL in the high-rise
shaft; (b) horizontal pressure and airflow on 1 F; (c) horizontal pressure and airflow on 40 F.
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Figure 10. Effects of pressurizing high-rise elevator halls (Case 4): (a) NPL in the high-rise shaft;

(b) horizontal pressure and airflow on 1 F; (c) horizontal pressure and airflow on 40 F.
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Figure 11. Effects of forced ventilation from the high-rise elevator shaft (Case 5): (a) NPL in the
high-rise shaft; (b) horizontal pressure and airflow on 1 F; (c) horizontal pressure and airflow on 40 F.
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Figure 12. Effects of opening exterior windows (Cases 6-1, 6-2 and 6-3): (a) NPL in the high-rise shaft;
(b) horizontal pressure and airflow on 1 F; (c) horizontal pressure and airflow on 40 F.

Figure 13 summarizes the airflow rate in the high-rise elevator shaft for the base

case and the window-opening cases (Cases 6-1, 6-2, and 6-3). More detailed vertical and
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horizontal pressure distributions for individual cases are provided in Appendix A for
reference, but are not required to follow the main discussion.
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Figure 13. Airflow rate in the high-rise elevator shaft for the base case and window-opening cases
(Cases 6-1, 6-2 and 6-3).

5.1. Effect of Depressurization on the First Floor (Cases 1 and 2)

When the high-rise elevator hall and/or the lobby on 1 F are depressurized (Cases 1
and 2), the pressure difference between the high-rise elevator hall and the high-rise elevator
shaft on 1 F decreases compared with the base case (Figure 8b). In other words, the pressure
difference acting on the high-rise elevator doors on 1 F is reduced. This means that the
application of these countermeasures mitigates the stack-effect problems at the first floor,
such as noise and strong wind when the elevator doors are opened.

However, Figure 8b also shows that the pressure difference acting on the exterior wall
and the entrance doors on 1 F increases. Because depressurization forces a redistribution of
pressures among divisions, secondary stack-effect problems such as increased noise and
drafts at the entrance door are likely to occur.

Figure 8a,c indicate that depressurization on the first floor reduces the pressure dif-
ferences acting on the high-rise floors. This reduction is associated with an upward shift
in the NPL in the high-rise elevator shaft. The NPL rises because the depressurization on
1 F reduces the air inflow into the shaft, and the vertical pressure balance is re-established
at a higher level. Such an upward shift in the NPL can decrease stack-effect problems on
the high-rise floors; however, it also reduces the effective pressure difference at 1 F, so the
mitigation effect obtained by depressurization on the first floor becomes smaller.

A comparison of Cases 1 and 2 shows that the stronger depressurization applied
in Case 2 results in larger variations in pressure differences in each part of the building
(Figure 8a—c). Larger variations can mean higher effectiveness in mitigating the problems
at the target location, but it should be noted that the possibility of secondary problems due
to pressure transfer also increases.

5.2. Effect of Additional Divisions on the First Floor (Cases 3-1 and 3-2)

The effect of additional partitions on the first floor is shown in Figure 9, which com-
pares the base case with Case 3-1 and Case 3-2. Figure 9a presents the NPL height in the
high-rise shaft, and Figure 9b,c show the horizontal pressure differences and airflow on 1 F
and 40 F, respectively.
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Figure 9b shows that installing an additional division at the entrance of the high-rise
elevator hall on 1 F (Case 3-1) reduces the pressure difference acting on the high-rise
elevator doors on the floor. Because the additional division shares the pressure difference
between the high-rise elevator hall and the high-rise elevator shaft, the pressure difference
acting on the exterior wall of 1 F also decreases.

However, pressure transfer between elevator shafts can cause secondary problems.
In Case 3-1, the additional division is installed only at the entrance of the high-rise ele-
vator hall, and this configuration increases the absolute pressure in the main lobby. As a
result, the pressure differences acting on the mid-rise and low-rise elevator doors become
larger (Figure 9b), and these doors may suffer from increased noise, strong wind and
incomplete closure.

In Case 3-2, additional partitions are installed at the entrances of all elevator halls on
1 F (low-, mid- and high-rise). As shown in Figure 9b, this configuration distributes the
pressure differences more evenly among the elevator shafts and the lobby and reduces
the pressure differences acting on the mid-rise and low-rise elevator doors compared with
Case 3-1. These results emphasize that when an additional division is installed to distribute
pressure, pressure transfer on the same partition line, including all shafts connected to that
line, must be considered. Figure 9a,c show that the additional divisions on 1 F also reduce
the pressure difference acting on the high-rise floors. This occurs because the additional
divisions reduce the air inflow into the high-rise elevator shaft, and the NPL moves upward.
Such a shift in the NPL helps mitigate stack-effect problems at upper floors but, similar to
the depressurization cases, tend to reduce the effectiveness of the additional division in
mitigating problems on the first floor.

5.3. Effect of Pressurization on High-Rise Floors (Case 4)

The effect of pressurizing the high-rise elevator halls is presented in Figure 10, which
compares the base case with Case 4 (pressurization of the high-rise elevator halls on
37 F-40 F). Figure 10a shows the NPL height in the high-rise shaft, and Figure 10b,c show
the horizontal pressure differences and airflow on 1 F and 40 F, respectively.

As shown in Figure 10c, pressurization of the high-rise elevator hall reduces the
pressure difference acting on the high-rise elevator doors on the upper floors. However,
the pressure difference acting on the doors between the high-rise elevator halls and the
interior office spaces increases, because the hall pressure is raised relative to the interior. If
the pressure difference acting on these hall doors increases, the air leakage volume through
the door gaps also increases, which can result in noise, strong wind during door operation
and incomplete door closure.

Figure 10a,b show that, when the high-rise elevator hall is pressurized, the pressure
differences acting on each division of 1 F decrease because the NPL in the high-rise shaft
moves downward. As the airflow from the shaft into the pressurized halls decreases, the
shaft draws relatively more air from lower levels, and the NPL descends. Such a downward
shift in the NPL increases the original stack-effect pressure acting on many high-rise floors;
thus, the effectiveness of pressurization in mitigating problems is reduced.

In summary, stack-effect problems are mitigated on some floors where the elevator
halls are directly pressurized, but the downward movement of the NPL increases the
pressure differences and airflow on other floors, particularly non-pressurized floors above
the new NPL, so that new secondary problems may occur.
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5.4. Effect of Forced Ventilation from the Elevator Shaft (Case 5)

The effect of forced ventilation from the high-rise elevator shaft is shown in Figure 11,
which compares the base case with Case 5. In Case 5, the high-rise elevator shaft is
connected to the mechanical room on 21 F by a duct in order to exhaust air from the shaft.

Figure 11a shows the NPL height for the base case and Case 5, and Figure 11b,c show
the horizontal pressure differences and airflow on 1 F and 40 F, respectively. When separate
ventilation is applied through duct, the pressure difference at each division on the high-rise
floors, where the countermeasure was intended to mitigate the problems, increase while
the pressure differences on 1 F decrease (Figure 11b,c). This behavior is the opposite of the
original design intent.

This unexpected result occurs because the NPL of the shaft moves downward
(Figure 11a). The downward shift in the NPL indicates that airflow occurs from the me-
chanical room on 21 F to the high-rise elevator shaft through the duct, rather than from the
shaft to the mechanical room. In other words, the duct behaves as an unintended air-supply
path. Considering that the ventilation opening was located below the original NPL, this
design fails to realize the intended exhaust flow. To achieve forced ventilation from the
shaft, the duct connection must be located above the NPL.

Furthermore, if airflow is directly supplied to or exhausted from the elevator shaft
to reduce the pressure difference through the movement of the NPL, the vertical pressure
distribution changes significantly, which can result in secondary problems in other divi-
sions. When controlling the NPL of an elevator shaft is considered to mitigate stack-effect
problems, improvements in airtightness, additional divisions and other measures that
restrict airflow in the shaft are more effective than direct supply and exhaust from the shaft
in preventing secondary problems.

5.5. Effect of Opening Exterior Windows (Cases 6-1, 6-2, and 6-3)

The effect of opening exterior windows is summarized in Figures 12 and 13. Figure 12a
shows the NPL height in the high-rise elevator shaft for the base case and Cases 6-1, 6-2
and 6-3, and Figure 12b,c show the horizontal pressure differences and airflow on 1 F and
40 F, respectively. Figure 13 presents the airflow rate in the high-rise elevator shaft for the
same set of cases.

As shown in Figure 12¢, when the exterior windows are opened on floors where the
high-rise elevator is available (Cases 6-1 and 6-2), the horizontal pressure distribution on
those floors changes significantly owing to the change in the leakage area of the exterior
wall. As the exterior windows are opened, the relative leakage area of the exterior wall
increases on each floor, most of the stack-effect pressure difference that previously acted
on exterior wall is transferred to the elevator shaft and elevator hall. Consequently, the
pressure differences increase on both the elevator doors and elevator hall doors, which can
increase the severity and probability of stack-effect problems.

Figure 12a,b also show that, when windows are opened in the high-rise zone, NPL of
the high-rise elevator shaft moves upward, and the pressure differences on 1 F increase.
This effect can increase the severity and probability of secondary problems at the entrance
level. However, the upward shift in the NPL tends to reduce the pressure differences on
certain high-rise floors (Figure 12c), which may reduce the possibility of problems on those
specific floors.

In Case 6-3, the exterior windows are open only on other floors where the high-rise
elevator is not available. In this case, no significant impact on the service area of the
high-rise elevator is indicated in Figure 12b,c. Because each elevator shaft is connected
on 1 F and the transfer floors (17 F and 28 F), some pressure transfer between shafts still
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occurs; however, the changes in the NPL of the high-rise shaft and the resulting pressure
differences in each part of the building are relatively small.

Figure 13 shows the air flow rate in the high-rise elevator shaft under the different
window-opening conditions. The airflow rate increases dramatically as more exterior
windows are opened. When the same number of exterior windows is opened, the increase
in airflow is much greater when the windows are opened on high-rise floors (Case 6-2)
than when they are opened on lower floors (Case 6-3). This result indicates that window
opening within the high-rise service zone strongly enhances the stack effect and airflow
through the shaft.

Overall, these results suggest that opening exterior windows under winter conditions
not only increases the severity and likelihood of stack-effect problems but also increases
uncontrolled air exchange in the building, which is unfavorable from an energy-efficiency
perspective. Therefore, especially when stack-effect problems are observed, it is essential to
restrict the opening of exterior windows, particularly on floors connected to major vertical
shafts, for both effective stack-effect control and energy-efficient building operation.

5.6. Discussion on Limitations and Applicability

The simulations in this study were performed under steady state winter conditions
corresponding to the actual case building (indoor 24 °C and outdoor 2.5 °C), with all
doors and windows closed. Wind pressure, door opening behavior and active pressure
control by the HVAC system were not explicitly modeled. Under these assumptions,
the absolute values of pressure difference and airflow would change in other climates,
operating conditions or control strategies.

The case building uses a floor-by-floor VAV system that is commissioned so that
supply and return airflows are approximately balanced and building pressure is kept close
to neutral during normal operation. In this situation, previous studies on tall buildings
have reported that stack effect pressure differences are governed mainly by buoyancy and
leakage, while mechanical ventilation becomes dominant when there is an intentional im-
balance between supply and exhaust airflows or active pressure control. For buildings that
operate with unbalanced ventilation, strong wind effects or building pressure control, the
quantitative results should therefore be recalculated with an appropriate multizone model.

Even so, the main mechanisms identified in this study remain qualitatively valid.
Changes in shaft airflow led to movement of the neutral pressure level, and local counter-
measures cause redistribution of pressure between connected compartments. The results
suggest that countermeasures should be planned at the scale of the whole building, that
neutral pressure level movement should be checked explicitly, and that possible secondary
problems due to pressure redistribution should be evaluated on all floors connected to
major vertical shafts.

6. Conclusions

This study examined the effectiveness and limitations of local countermeasures that
are commonly applied to mitigate stack-effect problems in high-rise buildings. A TDC-
based theoretical analysis of vertical and horizontal pressure distributions was combined
with a calibrated CONTAM multizone airflow model of a 43-story office building. The
model was adjusted using measured pressures and leakage characteristics on a reference
floor and then used to evaluate several practical countermeasures, including first-floor
depressurization, additional partitions, pressurization of high-rise elevator halls, forced
ventilation from the elevator shaft, and opening of exterior windows.

The main findings of this study can be summarized as follows:
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(1) Local countermeasures reduce stack-effect problems at the treated locations, but they
also cause pressure redistribution that can generate secondary problems on other
floors or in other compartments.

(2) Local measures generally shift the neutral pressure level (NPL) in the vertical shafts,
changing the vertical pressure distribution and often weakening the intended mitiga-
tion effect.

(8) The design of pressure transfer paths (e.g., where pressurization or depressurizations
is applied) is critical; if poorly designed, large pressure differences are simply moved
to other divisions.

(4) Effective mitigation requires coordinated measures at both the upper and lower parts
of the building, with the number and strength of local measures chosen according to
the resulting reduction in shaft airflow, rather than floor-by-floor fixes.

(5) For NPL control in vertical shafts, it is more robust to restrict airflow using improved
airtightness and additional partitions than to rely on direct shaft supply/exhaust,
which tends to create large pressure changes and secondary problems.

From a practical standpoint, these findings indicate that stack effect control in high-
rise buildings should be addressed at the whole building level from the design stage
and that remedial local countermeasures in existing buildings should be evaluated with
a multizone model to check possible NPL shifts and secondary pressure redistribution
before implementation.

This study also has several limitations. First, the simulations were carried out under a
single winter condition corresponding to the actual temperature difference observed in the
case building (indoor 24 °C, outdoor 2.5 °C) and under steady-state conditions; dynamic
variations in AT, wind, and occupancy were not considered. Second, wind pressures were
not coupled to the model, and equivalent leakage areas were treated as constant values
based on measurements with doors and windows closed, so changes in leakage due to
door operation were not explicitly modeled. Third, HVAC interactions were simplified:
because the air-conditioning system of the case building was designed so that supply and
return airflows are approximately balanced, normal HVAC operation was assumed to have
a negligible net effect on building pressurization, and only the additional flows associated
with the local countermeasures were included in the simulations. This assumption is
consistent with previous analyses of tall buildings operated with balanced ventilation,
which report that stack-effect pressure differences are primarily governed by buoyancy
and leakage unless deliberate supply—exhaust imbalances are introduced [3-5]. However,
in buildings that employ active building-pressure control or intentionally unbalanced
ventilation, mechanical ventilation could partly compensate for or exacerbate stack-effect
pressures and dedicated coupled HVAC-multizone simulations would be required. In
addition, no separate validation of simulated airflow rates using tracer gas, anemometry,
or blower-door tests was performed; instead, the model was calibrated against measured
pressure distributions and leakage characteristics on the reference floor.

Finally, this work is a detailed case study focusing on the high-rise elevator shaft and
representative upper and lower floors of a single 43-story office building; more systematic
and quantitative design guidelines would require analysis covering a wider range of
floors, climates, building types, and shaft configurations, including buildings with multiple
elevator shafts serving different zones and their mutual interactions. These issues are left
as future research topics, and it is hoped that the present results will provide a practical
reference for developing more effective stack-effect countermeasures in high-rise buildings.
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Appendix A

Figure Al illustrates the vertical pressure differences for each case, and Figure A2

shows the horizontal pressure differences and airflow rates on the 1st and 40th floors.
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Figure A2. Horizontal pressure differences and airflow rates on 1 F and 40 F for each simulation case.
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