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Abstract: Various problems often arise in high-rise buildings during the winter months due to the
stack effect. In this study, the high-rise building of interest, located in South Korea, was experiencing
constant loud noises in the winter due to the stack effect. Thus, we created a noise level reduction
plan by creating a method for pressurizing the high-rise zones of the building according to outdoor
conditions. To discover the appropriate pressurization operating modes, we applied a two-year
commissioning process to the 50-story building of interest. The 1st- and 47th-floor elevator halls
were identified to have the highest noise levels of all other floors. Prior to applying the reduction
plan, the maximum noise level on the first floor with the HVAC system turned off was 85 dB(A)
and with the HVAC system turned on it was 70 dB(A). Both values exceeded the criteria of 57 dB(A)
for a lobby space of a commercial building. In the case of the 47th floor, the maximum noise
level with the HVAC system turned off was 58.7 dB(A) and with the HVAC system turned off was
56.0 dB(A), despite the latter having increased airtightness performance and applying preliminary
pressurization (i.e., HVAC operation mode 2). These values exceeded the criteria of 48 dB(A) for
an elevator hall in a commercial building. Following this initial data, we determined to pressurize
the high/mid-rise zones of the building according to the outdoor air temperature and wind velocity
conditions, which we categorized into four types (i.e., HVAC operation mode 4). To this effect,
the first-floor elevator hall’s maximum noise level was 56.6 dB(A), meeting the criteria, and the
47th-floor elevator hall’s maximum noise level was 49.5 dB(A), still exceeding the criteria but by an
insignificant amount. Although the HVAC pressurization operation we utilized resulted in favorable
results for the target building A, it may not be as effective in other new high-rise buildings, creating
changes to the indoor air environment or to the energy costs in maintaining a building. However,
for the purposes of resolving the stack effect, we believe that the commissioning process we took
to optimize the HVAC operation that is presented here can be applied to other new and existing
high-rise commercial buildings.

Keywords: high-rise buildings; stack effect; HVAC pressurization; commissioning process;
outdoor conditions

1. Introduction

With the increasing migration of people to cities, there has been a greater demand for
high-rise buildings. Although there have been refinements in construction technology over
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the years, problems that are unique to high-rise buildings continue to persist. Many of
these problems are related to the stack effect.

The stack effect is the vertical movement of air throughout a high-rise building driven
by thermal buoyancy that occurs due to temperature differences between indoor and
outdoor air [1–3]. In other words, the heated air inside a building moves upward through
vertical spaces that are not perfectly sealed, such as elevator shafts or stairwells, before
escaping outside. The resulting air current then draws cold air from outside and into the
low-rise zones of the building in the winter. The opposite air movement occurs during
warmer weather, called the reverse-stack effect. However, this is less apparent because
temperature differences between the indoor and outdoor of buildings are generally greater
during the winter.

The air movement in high-rise buildings also creates pressure differences across
building components. In the winter months, the floors below the neutral pressure level
(NPL) of a building experience a net negative, inward-acting pressure while the floors
above the NPL experience a net positive, outward-acting pressure [4]. The floors furthest
away from the NPL experience the largest pressure differences. As such, the magnitude
of the stack effect is proportional to the height of a building and the indoor and outdoor
temperature difference. In other words, higher temperature differences and taller buildings
experience larger stack effects.

The vertical air movement and pressure difference caused by the stack effect pro-
duces several problems in high-rise buildings. Malfunctioning elevator doors, unpleasant
whistling noises, uncomfortable drafts, and increased heating loads [5] may result. The
stack effect also contributes to hazardous conditions when a fire breaks out by enabling the
rapid spread of fire and smoke [6]. Furthermore, indoor air quality is significantly impacted
by the stack effect, allowing pollutants [7,8] and viruses [9,10] to infiltrate buildings, which
then results in reduced heating, ventilation, and air-conditioning (HVAC) performance [11].

Many countermeasures have been proposed for the stack effect. These can be catego-
rized as architectural and mechanical methods [12]. Architectural methods aim to relieve
the stack effect through construction or improving building design. For instance, increasing
the number of walls between the building envelope and the elevator shaft, or compart-
mentalizing [6], has been shown to help reduce the stack effect. Improving airtightness
of existing compartments, like the internal walls of the building envelope on each floor,
is also known to mitigate the stack effect [13,14]. Furthermore, because stack pressure
difference acts on internal walls rather than the exterior façade of a high-rise building [15],
a method to reduce such pressure differences across the elevator zone is by partitioning
the interior core and shaft, consequently improving airtightness [16]. On the other hand,
mechanical methods look to utilize existing HVAC systems or install new systems. That is,
the stack effect could be reduced by attempting to re-distribute and transfer pressure from
one building compartment to another [12].

While both methods have their own limitations, architectural methods are especially
limited in that they are feasible only in the early design stages of high-rise buildings. This is
mostly because there are many difficulties that come with applying such countermeasures
while a building is occupied. Furthermore, our study is specifically focused on commercial
buildings in South Korea. Many high-rise buildings in South Korea were first built without
regards to proper architectural and mechanical methods until the early 2000s [17] and thus
are occupied at the time of our study. Additionally, architectural methods of reducing the
stack effect are more appropriate for residential high-rise buildings because they are already
divided into individual household units. It is difficult to apply these same architectural
methods to commercial high-rise buildings that require open spaces.

In recent years, airtightness has been enhanced to resolve the stack effect in high-
rise buildings as they are being constructed. However, the average height of buildings
has increased and gradual changes in climate have caused sudden drops in outdoor air
temperature and increases in wind velocity, all of which heightens the severity of the stack
effect in high-rise buildings. Thus, measures in addition to improved airtightness are
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needed to respond to such changes once construction of buildings are completed. Of the
mechanical methods, pressurizing the interior of buildings through the HVAC system, with
adjustments made according to outdoor air temperature and wind velocity, appears to be a
method that holds promise. To deduce the optimal HVAC operation scheme for a certain
high-rise building, a commissioning process should be performed and documented. By
doing so, building managers can be educated on when different HVAC operation modes
should be operated to efficiently pressurize the building, thereby reducing any issues
caused by the stack effect. As a result, creating an appropriate commissioning process as
well as understanding the theory behind HVAC pressurization to reduce the stack effect
problem is essential.

After exploring different commissioning processes, we wanted to streamline our own
commissioning process (as noted in Section 2.3) before applying it to the building of interest
in our study. Once we applied the streamlined commissioning process, we determined
the optimal HVAC operation schemes and a process to adjust the schemes according to
environmental factors to resolve the stack effect.

2. Reducing Stack Effect Using HVAC Pressurization through a Building
Commissioning Process
2.1. Principles of HVAC Pressurization

When the stack effect occurs in a high-rise, open-plan office building, the greatest pres-
sure differences are examined across elevator doors located on the first and top floors [18].
As such, mechanical methods that utilize new or existing HVAC systems can be used to
distribute pressure throughout a high-rise building in an attempt to resolve the stack effect.
Thus, it appears, at least in principle, that mechanically pressurizing the high-rise zone of
a building could diminish the net positive pressure acting across the elevator doors and
the building envelope, preventing indoor air from leaking out [17]. This can be done by
reducing the return air volume (VRA) and the exhaust air volume (VEA) of an HVAC system
to a minimum while maintaining (or increasing, according to the outdoor air temperature)
the outdoor air volume (VOA) and the supply air volume (VSA) as shown in Figure 1.

Figure 1. Pressure distribution when pressurizing the high-rise zone by reducing exhaust air volume of an HVAC system.
(a) Before pressurization; (b) after pressurization.

This method of mechanical pressurization via the HVAC system will also increase
the absolute pressure of the office spaces in the high-rise floors and the pressure inside
the elevator shaft simultaneously (Figure 2). Consequently, the pressure difference on
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the elevator door (∆PE2) would decrease whereas the pressure difference on the building
envelope (∆PB2) would increase in the high-rise zone. In contrast, ∆PE2 and ∆PB2 are
simultaneously reduced in the low-rise zone because mechanical pressurization of the
high-rise zone lowers the NPL of the building [17].

Figure 2. Absolute pressure changes when pressurizing high-rise zone by reducing return air volume.

The overall effect of mechanical pressurization of the high-rise zone by reducing VRA
is the reduction of air flow rate from the elevator shaft to the office spaces in the high-rise
zone. This then weakens the ensuing air current in the lobby area of the first floor that
draws outdoor air into the elevator shaft. With the pressure difference in the elevator
shaft reduced, other problems such as malfunctioning elevator doors or elevator doors that
create unpleasant noises can be alleviated as well.

2.2. Applications of HVAC Pressurization

Many studies have investigated mechanical countermeasures based on the principles
of HVAC pressurization [12,15,17–21]. For instance, one study investigated whether the
mechanical depressurization of the high-rise zones and pressurization of the low-rise zones
of a high-rise commercial building via HVAC system could help reduce infiltration [6].
The study’s findings depicted that such operation reduces the infiltrated air volume by
decreasing the pressure difference across the building envelope. Yet, this was at the expense
of increasing pressure differences across vertical shafts, such as elevators and stairwells,
and thus exacerbated problems related to the stack effect. Tamblyn and Eng [19], on
the contrary, explored the opposite phenomenon: They pressurized the high-rise zones
and depressurized the low-rise zones of a commercial high-rise building. This effectively
reduced pressure differences across the elevator shafts, but also resulted in increased
infiltration of air through the low-rise zones of the building envelope. Subsequently, the
importance of increasing airtightness of the building envelope was re-emphasized.
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In terms of utilizing HVAC systems as a means to resolve the pressure differences
and the stack effect, Yu et al. [17] proposed an operation schematic to pressurize an indoor
space (Figure 3). The VSA supplied to the room is maintained as is or increased based on
outdoor temperature, such that the sum of VRA and the corresponding toilet exhaust air
volume (VEA_T) is smaller than the VSA. Additionally, the outdoor air dampers (OAD) and
recirculated air dampers (CAD) of the HVAC system are kept as is while the exhaust air
dampers (EAD) are closed off to maintain a pressurized state. The volume of pressurization
air of a particular zone (VPA) can be calculated using Equations (1) and (2), and the volume
of pressurization air for each floor (VPAi) in the zone is given by Equation (3):

Figure 3. HVAC system settings when pressurized.

VPA = VSA − (VRA + VEA_T) (1)

= VOA − (VEA + VEA_T) (2)

VPAi = VPA/n (3)

where n is the number of floors in a zone.
This HVAC operation schematic resolved the stack effect as well as related issues such

as elevator door malfunctioning in the commercial high-rise building. Despite resolving
these problems, however, the expected increase of total VOA flowing into the entire building
can lead to an infiltration problem at the lower zone elevator doors, much like Tamblyn
and Eng’s study results [19].

Based on these previous studies that utilized mechanical pressurization to resolve the
stack effect in high-rise buildings, there is a need to optimize the HVAC operation schematic
proposed by Yu et al. [17]. In Yu et al.’s [17] study, the optimum method for pressurization
of vertical floors was examined for a building designed such that the elevator door had
no problems opening or closing at an outdoor temperature of −11.3 ◦C and a pressure
of less than 100 Pa. To do so, simulations of pressurizing all floors of the building, the
mid- and high-rise zones of the building, and only the high-rise zone of the building were
conducted before moving to field experiements. The study found that pressurizing 0.89%
of the air volume in the high-rise zone (Floors 40–60) approached the required pressure of
100 Pa on the elevator doors. However, this pressure difference across elevator doors occurs
due to the stack effect and thus varies with outdoor air temperature. As a result, HVAC
operation modes used to retain a certain internal pressure should be adjusted according to
the outdoor air temperature. Although Yu et al. [17] was able to resolve issues related to
elevator doors opening and closing, they were unable to resolve the whistling noises that
occurred in the elevator hall.
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2.3. Building Commossioning Process Focused on Stack Effect Problems

Upon the completion of a building with a HVAC system installed, commissioning
occurs in order to deduce the appropriate scheme for operating the HVAC system. Simi-
larly, retro-commissioning (RC) is commissioning on an existing building that has been
in use. Through retro-commissioning, any issues in building design or architecture can
be resolved [22], a pleasant and productive working space for building occupants can
be guaranteed, education for proper building management can be provided, and the
building’s assets can be raised [23]. In this study, we introduce and utilize a preliminary
commissioning process focused on stack effect problems, which was derived from the
RC technique and applied to the building of interest to resolve complaints of loud noises
and to secure pleasant working conditions for the occupants. The commissioning process
that we are suggesting here is based on David E. Claridge et al. [24]’s proposed six-step
RC process: (1) Initial survey, (2) install monitoring, (3) survey facility, (4) commissioning
major equipment, (5) commissioning entire building, and (6) ongoing monitoring/analysis.
Additionally, the specifics of our commissioning process can be referenced from Haasl, T.
and T. Sharp’s “The phases and activities of the RC process” [25] and Haasl and Heine-
meier’s “RC Process Overview” [26] where a four-step RC process was proposed. This
four-step process involves a planning phase, an investigation phase, an implementation
phase, and a hand-off phase.

The preliminary commissioning process we are introducing is comprised of six steps.
In step 1, a team is created to plan a method for reducing the stack effect in a building.
Step 2 involves establishing a method of assessing and measuring the degree of reduction.
Then follows identifying, receiving the client’s approval, and implementing airtightness
measures to the building (step 3) before doing the same with other commissioning mea-
sures while evaluating their effectiveness (step 4). If, upon evaluation, airtightness or
commissioning measures do not lead to the desired results, then step 3 or 4 may need
to be repeated. Through step 5, all effective methods for reducing the stack effect are
documented. In step 6, the commissioning process is ongoing.

In this study, our goal was to develop an effective HVAC operation method as well as
streamline the building commissioning process to resolve complaints of unpleasant noises,
a consequence of the stack effect, in a fully functional building. Specifically, we wanted
to determine the appropriate amount of air required for pressurization at each vertical
floor ranges of the high-rise building of interest given various outdoor conditions. By
determining methods for operating the HVAC system effectively to different vertical zones
of the building and utilizing those methods as commissioning measures in the building
commissioning process, we hoped to resolve the stack effect and any resulting issues.
Although malfunctioning elevator doors is the usual stack effect problem, the occupants of
the building in this study especially complained of the annoying whistling noises in the
elevator halls. Thus, we explored different mechanical methods to reduce the noises due
to the stack effect in a commercial high-rise building in South Korea, eventually deciding
on developing effective HVAC operation schemes. To this end, we applied the building
commissioning process outlined above to the high-rise building of interest for two years.
Figure 4 shows a flowchart of how our study was conducted.
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Figure 4. A flowchart of our study.

3. Methods
3.1. Overview of Target Building A

Target building A is a 50-story (246 m) high-rise commercial building located in Seoul,
South Korea (2626.8 Heating Degree Days and 881.2 Cooling Degree Days). The facade
faces northwest and is greatly influenced by the northwest wind in the winter. The building
is made of an all-glass curtain wall. The height of the lobby floor is 13.5 m, and the reference
floor is 4.6 m. Figure 5A shows the elevation of the target building, and Figure 5B shows the
floor plans of the 1st floor and 47th floor. As shown in Figure 5A, the first and second floors
of the building consist of a lobby, and the 3rd to 47th floors consist of offices. Mechanical
rooms for the mid-rise and low-rise zones are located on the 18th and 19th floors, and
mechanical rooms for the high-rise zones are located on the 48th and 49th floors. Elevator
mechanical rooms for the high-rise zones are located on the first and second floors of the
rooftops. The 50th floor, or the top floor, is expected to be occupied by restaurants, but
not occupied during the commissioning. There are five types of elevators: Elevators from
the underground parking lots (Floors B6–3), elevators for the low-rise zones (Floors 1,
4–17), elevators for the mid-rise zones (Floors 1, 20–33), elevators for the high-rise zones
(Floors 1, 34–50), and the evacuation elevator (Floors 1–50). The elevator shaft is zoned so
that there is no transfer floor between the mid-rise and low-rise zones and the mid-rise and
high-rise zones.
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Figure 5. (A) Vertical zoning of elevators and HVAC systems in the building A; (B) floor plans and measurement locations
on the 1st floor and 47th floor in the building A.

There are four HVAC systems that provide air conditioning and ventilation to the
target building A, which is divided into three zones. Two HVAC systems located on the
18th and 19th floors of the building serve the low-rise and mid-rise zones, and two HVAC
systems located on the 48th and 49th floors serve the high-rise zones of the building. The
heating and cooling loads of the perimeter zone in the office are covered by fancoil units
on each floor. The interior zone is required to be cooled all year round. In contrast, heating
only occurs in the winter, where most of the preheating is done before working hours.
Afterwards, cooling is supplied to the interior zone because of the heat generated by the
occupants and the untreated radiant heat from the perimeter zone. Cooling occurs as low
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temperature air is supplied from the HVAC system. Thus, a certain amount of outdoor air
is also supplied in the winter, and a method of pressurizing the building is applied.

3.2. Evaluation Method and Criteria of Stack Effect for the Building A

The pressure differences (∆P) across the elevator door were also obtained as an
additional measure because it is generally used to evaluate the stack effect in high-rise
buildings [19]. Moreover, these high ∆P typically lead to elevator doors being unable to
close properly. In the recently constructed target building A, however, the latest elevator
model is installed. Thus, the elevator can close properly even when the ∆P exceeds
25 Pa, which Tamblyn suggests is the limit at which elevator doors are able to operate
sufficiently [19]. Instead, the noise levels of the elevator halls increased when ∆P increased
beyond Tamblyn’s suggested limit (Figures 6 and 7).

Figure 6. The pressure difference across the elevator doors is positively related to the NL on the 1st
and 47th elevator halls. The measured values of pressure difference across the first-floor elevator
door were as negative values.

Figure 7. NL of the first-floor elevator hall is associated with both (a) the outdoor air temperature and (b) the wind velocity.
Measurements were taken between 1 December 2014 and 15 February 2015, when HVAC systems are off, and the wind
direction is NW, NNW, N.

In target building A, complaints of the high noise levels of the elevator halls, especially
on the 1st and 47th floors, were of major concern. The unpleasant noises were first heard
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in the middle of October 2014 (Figure 8), which was when construction was completed.
Sound caused by air infiltrating through the main entrance and between the elevator doors
on the first floor was constant throughout the day. Furthermore, the noise level on first
floor elevator hall was recorded to exceed 60 dB(A), creating a noisy environment. At this
point, there was no heating in the building, although ventilation through HVAC systems
was in operation. However, once heating was in operation in November 2014, noise levels
increased to around 70 dB(A). Consequently, noise levels were brought down to appropriate
levels during work hours (i.e., 7 a.m. to 9 p.m.) through HVAC pressurization of high-rise
zones starting in November 2014 (Figure 9). Despite this, the loud noises persisted outside
of work hours and during the weekend when HVAC systems were turned off. Although
air tightness of the building envelope was enhanced in 2015 (Figure 10), unpleasant sounds
continued to manifest throughout the day when outdoor air temperatures fell below 10 ◦C
and wind velocity was high between November 2015 and February 2016.

Figure 8. Noise distribution on 1st- and 47th-floor elevator halls (Winter 2014). The distribution of NL with and without
HVAC pressurization is shown, and improvements in the pressurization method to resolve the problem are shown as a
function of the outdoor temperature. The wind speed distribution was also checked, and the resulting NL change was also
reviewed. Here, the recommended NL criteria for the elevator hall for the 1st floor were 57 dB(A) and 48 dB (A) for the
47th-floor elevator hall.
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Figure 9. (A) Pressurized ratio in mode 3 based on outdoor air temperature for each zone in winter 2014. (B) Pressurized
ratio in mode 4 based on outdoor air temperature and wind velocity for each zone in winter 2015.

Figure 10. Noise distribution on 1st- and 47th-floor elevator halls (Winter 2015).

As a result, we took measurements of the ∆P across the elevator door and noise level
(NL) of the 1st-floor elevator hall and the 47th-floor elevator hall simultaneously in order
to analyze the relationship between the two (Figure 6). Utilizing Minneapolis’s DG-700
Pressure and Flow Gauge, we measured the ∆P of a chosen elevator when it was stationary
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with its doors closed for a duration of 5 min before calculating and recording the average
value. The chosen elevator served floors 1 through 50 and is for emergency evacuation use.

Elevator hall NL measurements were conducted using a sound level meter from RION,
NL-52, in the center of the elevator hall and at a height of 1.5 m from the bottom while
the elevator door was closed, in accordance with ISO 1996-1 [27]. We ensured that all
measurements were made when there was very little or no background noise that occurred
due to, for instance, people moving in the space, by taking measurements after work hours
while the HVAC system was in operation. NL was measured over a period of 10 days for
5 min each day, and we recorded the average value.

According to Beranek [28], the recommended A-Weight Sound-Level Criteria in a
public space with an HVAC system in operation, such as the 1st-floor elevator hall, is
48–57 dB(A) whereas in open spaces, such as the 47th-floor elevator hall of target building
A, is 44–48 dB(A). As shown in Figure 6, the maximum elevator hall NL for the 1st floor
was 60 dB(A) and for the 47th floor 51 dB(A), both exceeding the criteria noted prior.
Because the predominant issue in the building of interest was the constant unpleasant
noises resulting from the stack effect, we put more emphasis on measuring NL. Thus, for
the purposes of our study, we utilized noise level (NL) to evaluate the severity of stack
effect in the building of interest. After measuring both ∆P and NL of the 1st and 47th
elevator halls, we found that as ∆P across the elevator doors increased, the NLs of the
elevator hall also increased (Figure 6).

All measurements in our study were conducted during the winter seasons from
October 2014 to March 2015 and from October 2015 to March 2016. We measured the NL
of the 1st-floor elevator hall (i.e., low-rise zone) and 47th-floor elevator hall (i.e., high-rise
zone) a total of four different times per day as noted above. When the HVAC system was
in operation, measurements were typically taken at 7 a.m. or 8 a.m. on weekdays and
whenever noise increased at a perceptible rate due to increased outdoor wind velocity.
When the HVAC system was not in operation, measurements were taken at midnight,
3 a.m., and 6 a.m. during the weekdays and holidays.

Furthermore, as presented in Figures 7–12, outdoor air temperature (TOA) and outdoor
wind velocity (VW) affected the HVAC operation mode and stack effect, which then influ-
enced the noise level. To further explore this, we also obtained TOA and VW measurements
from published meteorological data pertaining to the region in which the target building A
was located.

3.3. Operation Modes Utilized To Reduce Stack Effect

Commissioning measures to reduce the stack effect that are applied to the building
can be largely divided into four modes that have been utilized over the course of two
winters. Mode 1 refers to the general operation mode that was utilized when we first
examined the building in winter 2014. Then, as a part of mode 2, we utilized the HVAC
operation to pressurize the high-rise zones of the building as a means to resolve the stack
effect before examining the consequent issues that occurred. In response to these issues, we
controlled air volume pressurization according to TOA in mode 3 such that different HVAC
system settings are used for when TOA is above 0 ◦C, between 0 and −5 ◦C, or below −5 ◦C.
Generally, as TOA decreased, air volume was increased to pressurize the high-rise zones
of the building. Additionally, during mode 3, improvement of the building’s airtightness
was completed.

In the winter of 2015, HVAC pressurization operation mode 4 was developed and
applied based on both TOA and VW. We differentiated wind velocity as above and below
6 m/s. Operation mode 4 was set up such that pressurization increased in the high-rise
zones as TOA decreased (from above 0 ◦C, between 0 and −5 ◦C, to below −5 ◦C) when
wind velocity was below 6 m/s. When TOA was below −5 ◦C with wind velocity below
6 m/s, the mid-rise zones of the building was further pressurized. When wind velocity
was above 6 m/s, we utilized different HVAC system settings for when TOA was above
and below 0 ◦C. When TOA was below 0 ◦C and wind velocity was above 6 m/s, mid-rise
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zones of the building were also pressurized. Table 1 summarizes the operation modes
we investigated.

Table 1. Summary of operation modes utilized to develop a method for reducing stack effect.

Year Operation Period Operation Mode No. Operation Mode Description

2014 Winter

1 October–13 November 2014 1 General operation (non-heating period)

14 November–14 December 2014 2 Operation of maximum air volume
pressurization

15 December 2014–27 February 2015 3
Operation of controlled air volume

pressurization according to TOA (≥0; 0 to −5;
<−5 ◦C) Airtightness increased

2015 Winter 24 November 2015–10 March 2016 4
Operation of controlled air volume

pressurization according to TOA (≥0; 0 to −5;
<−5 ◦C) and VW (<6; ≥6 m/s)

4. Application and Evaluation of Building Commissioning Process
4.1. Relationship between NL and Pressure Differences as Stack Effect Measures

The stack effect in a high-rise building often manifests itself through unpleasant noises
from elevator shafts and pressure differences across elevator doors. As stated above, the
pressure difference across elevator doors is used more commonly to measure the degree
to which stack effect is occurring in a building. Since we put more emphasis on reducing
NL on the 1st and 47th elevator halls of target building A, we analyzed the relationship
between elevator hall NLs and pressure differences across elevator doors on these floors
(Figure 6). Evaluation was done in winter 2015 outside of work hours to ensure that noises
due to employees moving in the building were not included in our measurements. At the
time of the measurement, the outdoor air temperature was −4.8–3.5 ◦C while the interior
of the building was at a temperature of 21.3–22.6 ◦C. The wind velocity was 1.9–7.8 m/s.
Figure 6 shows that absolute values of pressure difference across elevator doors is positively
related to elevator hall NL for both the 1st and 47th floors. When the pressure difference
across the elevator doors on the 47th floor varied from 8 to 37 Pa, giving an average of
17 Pa, the NL of the 47th-floor elevator hall increased to values between 42 and 51 dB(A)
and an average of 46 dB(A). For the first floor, the NL increased to 47–60 dB(A) with an
average of 54 dB(A) when the absolute values of pressure difference across the elevator
doors varied between 30 and 93 Pa, giving an average of 59 Pa.

4.2. The Noise Distribution in Elevator Halls Due to Varying Outdoor Air Temperature and
Wind Velocity

To understand the extent in which noise caused by the stack effect is a problem
in target building A, we analyzed how noise levels change as TOA and VW vary. We
categorized the main wind directions of Korea’s winter season into NW, NNW, and N.
Through this analysis, we found that when the TOA is less than 4 ◦C, the first-floor elevator
hall’s NL began to exceed the recommended criteria of 57 dB(A), reaching a NL of 75 dB(A)
once TOA became −11 ◦C with the HVAC system turned off (Figure 7a). In other words,
problems of noise distribution became much more severe in target building A as TOA
dropped. In terms of VW, NLs generally began to increase as VW increased. Specifically,
once VW exceeded 4 m/s, NLs on the 1st- and 47th-floor elevator halls started to exceed
their recommended criteria.

4.3. Initial Application and Evaluation of Building Commissioning for Reducing Stack Effect
(Winter 2014)

During winter 2014, operation modes 1 through 3 were utilized in the target building
A (Table 2). During this time, we measured the inverter settings and damper openings
of the supply fans (SF), return fans (RF), and exhaust fans in the HVAC system as well
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as VPAi and RPAi achieved using the improved operation method. In the high-rise zone,
the damper opening rates of OAD and EAD is 30%, whereas that of CAD is 70%. In the
mid-rise and low-rise zones, the damper opening rates for OAD and EAD is 20% and for
CAD is 80%.

Table 2. HVAC system operating conditions in winter 2014.

Operation
Mode No. TOA [◦C] Zone SF [Hz] RF [Hz] VPai

[m3/h·floor] RPAi

1 - H 35 35 1044 0.20
2 - H 45 25 10,155 1.98

3-A ≥0 H 40 30 4033 0.79
3-B 0 to −5 H 40 25 5385 1.05
3-C <−5 H 45 25 10,155 1.98

M/L 45 40 254 0.05

VPAi was calculated using Equations (1) and (3). Then, VSA and VRA were measured by
the building automation system during HVAC operation on the weekdays. VEA_T, which
is the toilet exhaust air volume of each zone, was applied based on the designed value.
The VEA_T in the high-rise zone (Zone H) was 21,600 m3/h, and the VEA_T in the mid-rise
and low-rise zones (Zone M/L) were both 55,800 m3/h. In addition, the pressurization
rate RPAi was calculated as shown in Equation (4), where the designed volume for the air
conditioning of the reference floor of the high-rise building was 5106 m3. This volume is
based on a designed value and thus considered constant across all floors and zones. The
HVAC system responsible for pressurizing the high-rise zone operates based on the TOA
values measured by the temperature sensor installed at the OAD of the HVAC system and
the VW values measured by a wind velocity sensor installed on building’s rooftop.

RPAi =
VPAi

Volume f or air conditioning o f a f loor
(4)

4.3.1. Operation Mode 1

The HVAC system was operated in normal mode without additional pressurization
from October to mid-November 2014, and baseline measures were obtained during this
time. The inverters of the air supply and return air fans of the high-rise zone were both kept
at 35 Hz, and VPAi and RP of the high-rise zone were calculated to be 1044 m3/h and 0.20,
respectively (Table 2). However, as the outdoor temperature gradually decreased, the NL
of the first-floor elevator hall for the high-rise floors began to rise above the recommended
criteria of 57 dB(A) (Figure 8).

4.3.2. Operation Mode 2

In mid-November 2014, the outdoor air temperature dropped below 0 ◦C and heating
air was supplied to the interior spaces. As a consequence, the NL on the 1st and 47th
floors became much higher than the recommended criteria of 57 and 48 dB, respectively
(Figure 7). To resolve this problem, the operation method was changed to the maximum
pressure mode to achieve maximum pressurize inside the building in the high-rise zone
(i.e., mode 2). The air supply fan inverter of the high-rise zone was increased from 35 Hz
to 45 Hz, and the inverter of the return air fan was reduced from 35 Hz to 25 Hz. At this
time, the VPAi and RP of the high-rise layer zone were calculated to be 10,155 m3/h and
1.98, respectively (Table 2).

4.3.3. Operation Mode 3

Improvement of airtightness of the target building A was completed by mid-December
2014 at which point mode 3 was operated. This improvement was first done by determining
the leakage area using an infrared camera and anemometer. Then, a method of improving
the airtightness of the leakage area was derived. Approval of the method was obtained
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through consultation with the contractor, and the improvement results were applied to
the building. The airtightness improvement work performed in building A involved
increasing the airtightness of the exterior doors located in the basement and first floor lobby.
In underground parking lots, any unintentional gaps of the inner wall of the elevator shaft
for the high-rise floors, the horizontal pipes, and electrical wiring penetrations in the walls
surrounding the elevator halls, and the penetrations through which each floor pipe passes
in the shaft, were also eliminated. Once the building’s airtightness was improved, the noise
level was slightly reduced, and the pressurized operation of the high-rise zone was applied
in three stages according to the outdoor temperature (i.e., mode 3). In mode 3-A, The
HVAC system of the high-rise zone operated the inverter of the air supply fan at 40 Hz, and
the inverter of the return air fan was operated at 30 Hz when the outdoor air temperature
was higher than 0 ◦C. At this point, VPAi and RP were calculated to be 4033 m3/h-floor
and 0.79, respectively. When the outdoor air temperature was between 0 and −5 ◦C in
mode 3-B, the inverter of the air supply fan was operated at 40 Hz, and the inverter of the
return air fan was operated at 25 Hz, and VPAi was calculated to be 5385 m3/h-floor, and
the RP was 1.05. When the outdoor air temperature was lower than −5 ◦C in mode 3-C, the
inverter of the air supply fan was operated at 45 Hz, and the inverter of the return air fan
was operated at 25 Hz. At this time, VPAi was calculated to be 10,155 m3/h-floor, and RP
was 1.98 (Table 2). Furthermore, most of the 1st and 47th floor NLs met the recommended
criteria once the HVAC pressurization was in operation according to outdoor temperature
of the building in which airtightness was increased (Figure 8).

Furthermore, we also observed that there was a need for increased amount of pressur-
ization in the high-rise zones as outdoor air temperatures decreased (Figure 9A). However,
because NL increased as outdoor temperature decreased and wind velocity increased as
seen in Figure 8, we believed that increased pressurization was needed in the mid-/low-rise
zones as well, especially under conditions of high VW (Figure 9B). Thus, HVAC operation
mode was revised and applied in winter 2015. In addition, excessive vibration occurred
in the CAD when the pressure in the duct increased during mode 3 when the outdoor
air temperature was 0 ◦C or lower. This was because of the pressure differences between
the supply air fan and the return air fan in the HVAC of the high-rise zone. Thus, the
OAD, EAD, and CAD were adjusted as described in Section 4.3 to resolve the vibration in
the CAD.

4.4. Final Application and Evaluation of Building Commissioning for Reducing Stack Effect
(Winter 2015)

As stated above, HVAC operation mode 3, which was applied to the target building
A in winter 2014, helped to resolve the stack effect as determined by the reduction of NL.
However, depending on outdoor wind velocity (VW), the NL of the 1st and 47th elevator
halls continued to deviate away from the recommended criteria. In particular, when VW
exceeded 6 m/s, or the outdoor air temperature (TOA) was lower than −5 ◦C, the NL
exceeded the recommended criteria. Thus, we proposed HVAC operation mode 4 as a
revised HVAC operation method in which the amount of pressurization depended on both
TOA and VW (Table 3). The damper setting conditions for the HVAC pressurization method
utilized in winter 2015 were selected based on the 2014 winter improvement experiment.
The high-rise zone (Zone H) had 30%, 100%, and 0% damper opening rates for OAD, CAD,
and EAD in Figure 3, respectively, and the mid-/low-rise zone(zone M/L) had 20%, 80%,
and 20% damper opening rates for OAD, CAD, and EAD, respectively, which were the
same as before.
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Table 3. HVAC system operating conditions in winter 2015. The HVAC pressurization method was classified into four
operation modes according to the outdoor temperature and the wind speed.

Operation
Mode Mode No. VW [m/s] TOA [◦C] Zone SF [Hz] RF [Hz] OAD [%] CAD [%] EAD [%] VPai

[m3/h·floor] RPAi

Mode 4
Operation of
controlled air

volume
pressurization
according to
TOA and VW

4-A

<6

≥0 H 40 30 30 100 0 3531 0.69
M/L 45 40 20 80 20 254 0.05

4-B 0 to −5 H 40 25 30 100 0 4447 0.87
M/L 45 40 20 80 20 254 0.05

4-D <−5 H 45 30 30 100 0 8191 1.60
M/L 45 35 20 80 20 1894 0.37

4-C
≥6

≥0 H 45 35 30 100 0 6776 1.33
M/L 45 40 20 80 20 254 0.05

4-D <0 H 45 30 30 100 0 8191 1.60
M/L 45 35 20 80 20 1894 0.37

In mode 4-A, when VW was less than 6 m/s and TOA was higher than 0 ◦C, the
inverters of the supply air fans (SF) and return air fans (RF) for Zone H operate at 40 Hz
and 30 Hz, respectively (Table 3). In this case, the VPAi and RPAi were calculated to be
3513 m3/h-floor and 0.69, respectively. In mode 4-B, when VW was less than 6 m/s and
TOA was between 0 and −5 ◦C, the inverter of the supply and return air fans for high-rise
zone operated at 40 Hz and 25 Hz, respectively. In this case, the VPAi and RPAi were
calculated to be 4447 m3/h-floor and 0.87, respectively. In mode 4-C, when VW was more
than 6 m/s and TOA was above 0 ◦C, the inverter of the supply and return air fan for the
high-rise zone operated at 45 Hz and 35 Hz, respectively, where the VPAi and RP were
calculated to be 6776 m3/h-floor and 1.33, respectively. In modes 4-A through 4-C, the
inverters of the supply and return air fan for the mid/lower zone were operated at 45 Hz
and 40 Hz, respectively, with no pressurization, where the VPAi and RP were calculated
to be 254 m3/h-floor and 0.05, respectively. In mode 4-D, when VW was less than 6 m/s
and TOA was lower than −5 ◦C or VW was more than 6 m/s and TOA was lower than
0 ◦C, the inverter of the supply and return air fans for the high-rise zone operated at 45 Hz
and 30 Hz, respectively, where the VPAi and RPAi were calculated to be 8191 m3/h-floor
and 1.60, respectively. Additionally, the mid/low-rise zone was further pressurized in
mode 4-D, and the inverters of the supply and the return air fans were operated at 45 Hz
and 30 Hz, respectively, and VPAi and RPAi were calculated as 1894 m3/h-floor and 0.37,
respectively.

As a result of the HVAC pressurization based on TOA and VW, most of the NL on the
1st- and 47th-floor elevator halls for the high-rise zone met the recommended criteria when
pressurized during the heating period with mode 4 (Figure 10). The NL on the 47th-floor
elevator hall peaked at 49.5 dB(A). Although this exceeded the criteria as 1.5 dB(A), it was
to a lesser degree than the other proposed modes. On the other hand, when HVAC systems
are off, most of the NLs were higher than the recommended criteria despite completion of
airtightness improvement work.

4.5. Effects of Improvements on Target Building A
4.5.1. Changes in NL Due to Improved Airtightness Only

As a result of applying the building commissioning process to reduce the stack effect
for two winter seasons in 2014 and 2015, the most severe noise levels (NL) of the first-floor
elevator hall were reduced as shown in Figure 11A. Before improving airtightness, the
average NL of the elevator hall located on the first floor was 65.6 dB(A) in winter 2014.
Once airtightness was improved, the average decreased by about 6 dB(A) to 59.7 dB(A)
in winter 2014 and 59.8 dB(A) in winter 2015 (Table 4). Although the NL improved upon
the completion of the airtightness improvement work, it did not meet the recommended
criteria of 57 dB(A) particularly when HVAC systems were not operating.
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Figure 11. (A) Changes in NL for the first floor elevator hall with improved airtightness. (B) Noise distribution of elevator
hall on the first floor according to different HVAC pressurization modes.

Table 4. Average NL on the 1st and 47th elevator halls before and after completion of airtightness improvement work, when
HVAC systems are off.

Operation Mode Measurement
Period

TOA (Ave.)
[◦C]

1st Floor Noise
Level (Ave.)

[dB(A)]

47th Floor
Noise Level

(Ave.) [dB(A)]

HVAC OFF

2014 Winter

Before
airtightness

improvement

10 November
2014–14

December 2014

−7.3–10.7
(−0.3) 56.2–85.0 (65.6) Not measured

After
airtightness

improvement

15 December 2014–10
March 2015

−10.9–4.9
(−1.3) 52.0–75.2 (59.7) 38.4–58.7 (46.6)

2015 Winter
After

airtightness
improvement

2 December 2015–10
March 2016

−13.0–8.4
(−1.2) 52.2–68.2 (59.8) 37.3–52.9 (44.1)

On the other hand, the NL of the 47th-floor elevator hall averaged 46.6 dB(A) after
the improving airtightness in 2014, and it decreased by 2.5 dB(A) to an average NL value
of 44.1 dB(A) in 2015 after additional work on enhancing airtightness (Table 4). This
average satisfies the recommended NL criteria; however, the maximum NL exceeds the
recommended criteria.

4.5.2. Changes in NL Due to HVAC Pressurization Methods Only

The overall effects of noise reduction due to improved HVAC pressurization methods
of the target building A are shown in Figure 11B. The NL gradually decreased for the first
floor elevator as HVAC pressurization modes became optimized over time (i.e., modes 1–4).
In normal operation mode 1 in winter 2014, the NL of the first floor elevator hall averaged
64.3 dB(A). In mode 2, NL decreased to 58.6 dB(A), but did not reach the 57 dB NL criteria
for the first floor. The NL for the first floor elevator hall then reduced to 55.0 dB(A) after
using mode 3 before reaching a final value of 51.4 dB(A) after using mode 4, which is
well below the NL criteria (Table 5). For the 47th-floor elevator hall, the average NL was
49.3 dB(A) upon applying mode 2, which then decreased to 44.9 dB(A) and 45.5 dB(A) for
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modes 3 and 4, respectively (Table 5). The average NL for modes 3 and 4 were below the
criteria of 48 dB. However, the maximum NL obtained during both modes exceeded the
recommended criteria.

Table 5. Average NL on the 1st and 47th elevator halls according to different HVAC pressurization schemes in operation.

Operation Mode Measurement
Period

TOA (Ave.)
[◦C]

1st Floor Noise
Level (Ave.)

[dB(A)]

47th Floor
Noise Level

(Ave.) [dB(A)]

HVAC ON

2014 winter

Mode 1
General operation

(non-heating period)

10 October
2014–13

November 2014
−0.4–18.9 (11.3) 60.9–70.0 (64.3) Not measured

Mode 2
Operation of

maximum air volume
pressurization

14 November
2014–14

December 2014
−7.7–10.1 (0.7) 51.0–64.5 (58.6) 43.0–56.0 (49.3)

Mode 3
Operation of controlled

air volume
pressurization

according to TOA

15 December
2014–10 March

2015

−10.8–3.5
(−1.9) 50.0–58.2 (55.0) 42.0–53.0 (44.9)

2015 winter

Mode 4
Operation of controlled

air volume
pressurization

according to TOA & VW

2 December
2015–10 March

2016

−13.4–6.4
(−1.3) 45.9–56.5 (51.4) 40.0–49.5 (45.5)

4.5.3. Changes in NL Due to Improved Airtightness and Increased HVAC Pressurization

To reduce high noise levels due to the stack effect, we improved the overall airtightness
of the target building A and pressurized its high-rise zones simultaneously. We utilized the
commissioning process proposed in Section 2.3 to the building for two years in order to
find the appropriate operation scheme that would lead to the desired reduction in noise
level. As a result, we were able to identify that majority of the unpleasant noises due to the
stack effect were concentrated on the 1st- and 47th-floor elevator halls.

In the case of the first floor, prior to any application of methods for stack effect
reduction, the maximum noise level was 85 dB(A) with the HVAC system turned off.
When the HVAC system was in operation, the noise level peaked at 70 dB(A). Both of
these values significantly exceeded the recommended sound criteria of 57 dB(A) for a
lobby space (Tables 4 and 5). On the 47th floor, the maximum noise level was 58.7 dB(A)
and 56.0 dB(A) with the HVAC system turned off and on, respectively, despite having
improved airtightness and utilizing a preliminary pressurization scheme (i.e., HVAC
operation mode 2). These measurements also showed that noise levels on the 47-floor
elevator hall exceeded the sound criteria of 48 dB(A) for a public space in a commercial
building to a critical degree (Tables 4 and 5).

As we finished the commissioning process, we were able to establish that the most
appropriate HVAC operation scheme pressurized high- and mid-rise zones. This scheme,
labeled as operation mode 4, depends on outdoor air temperature and wind velocity
conditions, which were categorized into four different types. By applying this HVAC
operation mode, we found that the first-floor elevator hall had a maximum NL of 56.5 dB(A)
which met the recommended sound criteria. The NL on the 47th-floor elevator hall peaked
at 49.5 dB(A). Although this exceeded the criteria, it was to a lesser degree than that of
without the application of operation mode 4.
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4.6. Effects of Applying HVAC Pressurization

By applying the building commissioning process that uses primarily HVAC pres-
surization to reduce the stack effect in the winter of 2015, we wanted to ensure that the
unpleasant noises throughout target building A was solved. To this effect, ∆P of doors,
NL, and temperature were measured at the elevator halls of the main floor and the en-
trance of the low-rise floor of the building. Additionally, we wanted to discover any new
problems of the indoor environment that may have arisen due to the increased VOA of
the commissioning process we utilized. Consequently, we examined CO2 concentration
(CCO2), indoor temperature (Ti), and relative humidity (RH) of indoor air in the high-rise
and mid-/low-rise floor offices (Figure 12).

Figure 12. Distribution of indoor air environment in HVAC pressurization of high-rise zone (Operation Mode 4-B).

In the high-rise zone, measurements were taken on the 44th- and 36th-floor office
spaces to the left and right of the elevator shaft. In the mid-rise zone, data were collected
on both the left and right office spaces of the 35th floor, the right office space on the 25th
floor, and the left office space on the 20th floor. For the low-rise zone, measurements were
taken in the right office space on the third floor. These indoor air measurements were
compared to those taken outside on the ground floor. All data were collected using Testo’s
IAQ probe 0632 1535. The probe was placed in the middle of the target space at a height of
1.2 m from the floor for 5 min from which average values were calculated and recorded.
All measurements were taken on 4 March 2016 at 2–3 pm with the building in operation
mode 4, with an outdoor temperature of −2 ◦C and a wind velocity of 5.4 m/s.

Additionally, NLs and pressure differences were measured at each elevator in the
building at their starting, ending, and midpoint transfer floors. The method in which
the measurement was conducted is as noted in Section 3.2, and the location at which
measurements were conducted is shown in Figure 12.
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The NLs and pressure differences across exits were also measured for first and base-
ment floors since they are directly exposed to the outdoor air. These measurements were
conducted after ensuring that all elevators moving between the first and 50th floors were
halted, and the movement of building occupants was restricted. However, the elevator for
shuttle-use was unable to be stopped at the time of the data collection. Furthermore, there
was some background noise resulting from the HVAC systems installed on the ceilings of
elevator halls on B1 (connected to the outdoor environment), B2, and B3 floors, the latter
two of which the underground parking lot is located. Vehicles moving in the underground
parking lot also contributed to background noise.

The NL of the basement, 1st and 50th floor elevator halls, and entrances of the public
spaces was less than 57 dB(A), and the NL of the high-rise and mid-/low-rise floor elevator
halls of the office space was 48 dB(A), which satisfied the recommend criteria (Figure 12).
The loudest noise occurred at the main entrance of the lobby on the first floor, with a NL of
53 dB(A) and a pressure difference of −59 Pa. In terms of the effects of increased VOA, we
compared the indoor air environment of the high-rise, pressurized zone to that of the mid-
/low-rise, non-pressurized zone. In the high-rise zone, VOA was 6247 m3/h·floor, where
CCO2 was 612 PPM, Ti was 23 ◦C, and RH was 23%. In contrast, VOA was 5405 m3/h·floor,
in the mid-/low-rise zones, where CCO2 was 729 PPM, Ti was 22 ◦C, and RH was 26%.

Additionally, 850 m3/h·floor of outdoor air that has a temperature of −2 ◦C and RH
of 30% was supplied into the building through the HVAC systems. As a result, the RH of
the indoor air decreased by 3%, resulting in drier indoor air, and the CCO2 decreased by
117 PPM, resulting in improved indoor air quality. However, because the Ti is kept constant
by the HVAC systems in operation, it can be presumed that more energy is consumed in
high-rise zones where air needs to be heated to maintain constant Ti.

5. Commissioning Process to Reduce Stack Effect Problems

In order to find the optimal HVAC operation mode that would have a synergistic
effect with improved airtightness for the purposes of reducing stack effect, we utilized a
commissioning process on target building A for two years. As this study took place, we
also realized a need to streamline the initial commissioning process we had introduced in
Section 3.2. Thus, the commissioning process we recommend for future studies to identify
methods for reducing the stack effect and its ensuing problems was further developed into
a seven-step process. As shown in Figure 13, each step is as follows:

(1) Step 1: Establish stack effect reduction project commissioning plan and project team.
As the construction of a high-rise building is established, configure a building commis-
sioning team that is dedicated to reducing the stack effect. The team should consist of
a commissioning project manager (either a law enforcer or constructor), an expert on
the stack effect, HVAC system, and firefighting equipment expert. The team will need
to establish a commissioning plan that evaluates the stack effect of a building starting
from its design stage to its functional stage.

(2) Step 2: Preliminary review and establishment of evaluation criteria at design stage.
The team will need to confirm the building’s characteristics with regards to the
stack effect at the design stage. By examining blueprints and books related to the
building’s construction, the team will need to create check lists with elements related
to airtightness of the building and possible airflow patterns throughout the building.
This would include the building’s height, area of each floor, vertical zoning of the
building, elevator zoning, elevator shafts, and the location of the main entrance or
any entrances that is directly exposed to the outdoor environment. It is also important
to note any possible leakage areas for the basement and first floors (that is, openings
in entrance doors, elevators in basement floors that are more exposed to outdoor
environment, any empty spaces between horizontal pipes or wires that infiltrate
vertical elevator shaft spaces, etc.). Attributes of the building’s HVAC system is
also examined and recorded. The team should also take note of the outdoor air
temperature distribution during the winter season of the region in which the building
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is located. Thus, the differential pressure distribution within the building can be
roughly estimated through which the impact of the stack effect and airflow can be
calculated. Doing so will help to establish a way to evaluate the target building. All
of this information will help the team to deduce an appropriate and efficient plan to
reduce the stack effect in a building that will be applied to the field once selected and
approved by the client.

(3) Step 3: Supervision of the method for reducing stack effect at the construction phase.
Airtightness, one of the most important factors in reducing the stack effect in a build-
ing, largely depends on the initial design and construction of a building. Thus, it is
important to ensure that the building is being constructed under constant supervision.
More specifically, duct sizes, fan specifications, dampers, and so on will need to be
noted carefully so that unnecessary leakage areas do not develop.

(4) Step 4: Initial and continuous measurement of the target building after completion.
Once the construction of the building is completed, a HVAC system operator and
facility manager should be added to the project team. The team should do a final
review of the building’s characteristics that are related to the stack effect. Any new
information on airflow or airtightness of the building discovered through field ex-
periments should be added to the existing check lists. Characteristics of the HVAC
system after a trial run should also be taken note of. Additionally, the team should
educate the building manager on how to evaluate and measure the stack effect by
taking note of any of its related issues such as unpleasant noises.

(5) Step 5: Identify, approve, and implement airtightening measures after checking
leakage areas. Using infrared ray cameras and wind gauges, the project team should
examine any possible leakage areas based on the checklists made in step 2. If leakage
areas are discovered, a method for decreasing or eliminating the area should be
discussed and carried out upon receiving the client’s approval. If the stack effect
continues to be unresolved even after enhancing the airtightness of the building,
the HVAC system will need to be utilized to pressurize the high-rise zones of the
building as a method for resolving the stack effect. To do so, different HVAC operation
modes need to be tested out before applying to the building long-term. Tests will
be carried upon approval from the building’s agent and undergo strict monitoring
so that additional airtightness improvements and/or pressurization schemes are
implemented until all issues are resolved. Only after all issues related to the stack
effect are resolved will the team continue to the next step.

(6) Step 6: Document commissioning improvements and stack effect reductions. The
team should document the airtightness improvements and pressurization schemes
that they applied to the building to reduce the stack effect. Any issues related to
the stack effect, such as noise, differential pressure, or air infiltration, should also
be recorded. Generalizations about the impact of the commissioning should also
be made by analyzing, for instance, differences in noise levels based on outdoor air
temperature, which can be found through published meteorological data. Results
from utilizing HVAC operation modes to pressurize the building also need to be
analyzed and recorded. The team should take note of the energy costs of maintaining
the HVAC operation mode, the amount of supply air needed, and any impact the
mode may have on indoor air quality. Finally, the team should educate the facility
operator on how to pressurize the building using the HVAC system to resolve the
stack effect.

(7) Step 7: Continuous commissioning. Commissioning is a continuous process. Thus,
even though a method for reducing the stack effect was deduced after the first
commissioning, it is important to go through the process again the next year in case
new issues related to the stack effect arise due to, for instance, development of new
leakage areas. As a result, the facility operator or building manager will need to be
familiar with evaluating the degree to which the stack effect is causing problems
in the building. A stack effect expert should also be continuously collecting and
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analyzing data so that he/she will be able to resolve any spontaneous issues related
to the stack effect.

Figure 13. Flowchart of the building commissioning process to resolve the stack effect.

6. Conclusions

In this study, we conducted a series of experiments to find an effective HVAC operation
scheme, adjusting according to changes in the environment when needed, that would
resolve the stack effect problem in a 50-story commercial building located in Seoul, South
Korea. The stack effect can result in various problems including strong airflow through
the main entrance, loud and unpleasant noises, malfunctioning elevator doors, and so on.
Although the stack effect manifested similarly in target building A, the occupants’ main
complaint was the loud noises in the elevator halls, leading us to use noise level (NL) as
the primary measure of the severity of the stack effect. Normally, pressure differences at
the elevator doors are utilized to gauge the stack effect in a high-rise building, but since
this measure is positively related to the NL in the same building, we concluded that NL
was an appropriate measure for our study.

Various countermeasures have been used to resolve the stack effect in high-rise build-
ings over the years. For target building A, we decided that improving the airtightness of
the building envelope and developing an effective HVAC operation would be best able to
resolve the stack effect. In this study, increasing airtightness mainly involved identifying
any leakage areas and eliminating them. Developing an effective HVAC operation scheme
for the building required a more sophisticated approach outlined in Figure 13.
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To do so, we first conducted a series of field measurements during the 2014–2015
winter season. Through these adjustments, we found that, in addition to the improvement
in airtightness, an HVAC operation mode that pressurized the high-rise zone of the building
according to the outdoor air temperature and wind velocity (i.e., mode 4) substantially
reduced the noise level. Furthermore, we observed that enhancing airtightness along with
the HVAC operation mode 4 showed a synergistic effect on reducing NL and, thus, the
stack effect. This is plausible because both methods involve moving the pressure difference
inside a building to the high-rise zone through which the increased air volume cannot
escape due to enhanced airtightness.

As a result, when we utilized the HVAC operation mode 4 for target building A,
we found that the noise levels decreased. In the case of the first-floor elevator hall, the
maximum NL reduced from 85 dB(A), with the HVAC system turned off, and 70 dB(A),
with the HVAC system turned on, to 56.6 dB(A) at which point airtightness was enhanced
and operation mode 4 was used. This reduced NL was below the recommended criteria
for lobby spaces in a commercial building (i.e., 57 dB(A)). As for the 47th-floor elevator
hall, the noise level peaked at 58.7 dB(A) and 56.0 dB(A) with the HVAC system turned off
and on, respectively, even though airtightness was improved and HVAC operation mode
2 was utilized. This was reduced to 49.5 dB(A) upon the application of HVAC operation
mode 4. Although the NL continued to exceed the recommended criteria, the difference
is negligible.

Although these two countermeasures, airtightness improvement and pressurization,
were able to resolve the stack effect in the target building A, they also affected the indoor
air environment as well as the energy costs. Optimizing the HVAC operation scheme
implies that the volume of air supplied into the interior space varies. Consequently, there
is a general tendency for increased CO2 levels, especially if airtightness improvement
work has been accomplished. In the case of utilizing operation mode 4, the high-rise zone
experienced an overall increase in volume of outdoor air infiltrating the area, resulting
in lower concentrations of CO2 and relative humidity but similar indoor air temperature
in comparison to the mid-/low-rise zones. However, these changes to indoor air envi-
ronment are within safe limits, indicating that ventilation was adequate. On the other
hand, the energy costs of maintaining the optimized HVAC operation mode 4 increased
by 64 MWh/year (19%) and 33 MWh/year (4%) for both the high-rise and mid-/low-rise
zones, respectively. Overall, this indicates a heating cost increase of 8% for the whole
building, thus applying the HVAC operation scheme may not be the most efficient.

While we have come up with an effective way of resolving the stack effect in target
building A, it should be noted that this combination of airtightness enhancement and
HVAC operation scheme cannot be applied to every new or existing high-rise commercial
building. Each building has its own set of characteristics that may need to be taken into
consideration before improving airtightness or applying a HVAC operation scheme. In
other words, there may be other architectural or mechanical methods that are more suitable
to a building’s conditions. It is also important to note that some combinations of stack effect
countermeasures have an antagonistic or negative effect [12]. Additionally, there needs to
be a balance in reducing the overall stack effect and solving problems at local points.

Regardless, we believe that the process by which we approached to determine commis-
sioning process for reducing the stack effect in target building A is comprehensive and can
be applied to other high-rise commercial buildings (Figure 13). Although the results of the
building commissioning process may vary depending on the characteristics of a building
and the scope and scale of the stack effect countermeasures, the methodology we used can
be adapted to create a new plan. This can then be evaluated, applied, and modified to reach
a final, comprehensive building commissioning procedure for any high-rise commercial
building. We hope that the guideline we proposed and followed here for managing target
building A can be generalized to provide insights and find effective ways to manage other
high-rise buildings.
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This study focused on discovering building commissioning process for target building
A to effectively reduce the stack effect. Although we took certain environmental conditions
under consideration, more specifically outdoor air temperature and wind velocity, further
work should be conducted to look into other ways of incorporating different boundary
layer conditions, such as humidity, to create an even more effective HVAC operation
scheme. Future investigations should also consider other methods for resolving the stack
effect in combination with what we have already applied to target building A that will
result in a synergistic and positive effect.
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Abbreviations

NPL The neutral pressure level (m)
HVAC Heating, Ventilation, and Air-conditioning
VSA The supply air volume of a particular zone (m3/h)
VRA the return air volume of a particular zone (m3/h)
VOA The outdoor air volume of a particular zone (m3/h)
VEA the exhaust air volume of a particular zone (m3/h)
VEA_T The corresponding toilet exhaust air volume of a particular zone (m3/h)
OAD The outdoor air dampers in HVAC systems of a particular zone
CAD The recirculated air dampers in HVAC systems of a particular zone
EAD The exhaust air dampers in HVAC systems of a particular zone
VPA The volume of pressurization air of a particular zone (m3/h)
VPai The volume of pressurization air for each floor (m3/h·floor)
RPai The pressurization rate for each floor
∆P The pressure differences (Pa)
NL Noise Level (dB(A))
TOA Outdoor air temperature (◦C)
Ti Indoor air temperature (◦C)
VW Outdoor wind velocity (m/s)
RH Relative humidity (%)
CCO2 CO2 concentration (ppm)
SF Supply fans
RF Return fans
Zone M/L The mid-rise and low-rise zones
Zone H The high-rise zones
F Floor
Ave. Average
Max Maximum
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