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Abstract: The stack effect is dominant in multifamily high-rise buildings (MFHRBs) in winter because
of the considerable height of MFHRBs, which causes a difference in the infiltration amount between
floors. This difference causes a heating load difference between floors in a MFHRB. However, there
are no indicators to quantify the heating load differences in previous studies. In this article, an
indicator—the thermal draft load coefficient (TDLC)—is proposed that can be used to estimate and
evaluate the differences between floors in a MFHRB. The TDLC is built on a theoretical model of the
stack effect and leakage area of the airflow paths, considering the entire building airflow in a MFHRB.
The theoretical model was validated by comparison with a simulation model. The winter average
coefficient of variation of the root mean square error and the normalized mean bias error of the
theoretical model were acceptable (17.1% and 9.3%, respectively). The TDLC resulted in a maximum
of 2.5 and a minimum of approximately 0.1 in the target MFHRB. The TDLC can pre-evaluate the load
difference in the building design stage and can be utilized to build design standards or guidelines.

Keywords: thermal draft load coefficient; stack effect; infiltration; heating load; multifamily high-
rise buildings

1. Introduction
1.1. Background

Airflows in high-rise buildings affect indoor environments, air quality, and cooling
and heating energy consumption [1]. There is a strong airflow through the doors [2],
sometimes preventing elevator and front doors from opening and closing [3]. The airflow
results in unpleasant noises [4], the diffusion of smoke [5], odors [6], pollutants [7], and
viruses [8], and an increase in heating loads [9] on some floors. For example, Andargie
et al. [1] emphasized the effects of airflow on indoor environments and thermal comfort in
multifamily high-rise buildings (MFHRBs). According to the actual resident complaints
analyzed in [4], the stack-driven airflow noise accounted for 80 cases (57.1%) in the total
of 140 cases, which is the most frequent complaint followed by excessive draft at doors
(31.4%). Therefore, airflow is a major factor in the MFHRBs.

The driving forces of the airflow in a MFHRB are (1) wind and (2) stack effect resulting
from the temperature difference between the indoor and outdoor environments, as shown
in Figure 1. The outdoor wind causes infiltration through the household envelope. The stack
effect causes infiltration through the household envelope below the neutral pressure level
(NPL), where the pressure difference between the indoor and outdoor is zero. However, in
households above the NPL, interzonal airflow occurs through household entrance doors.
Thus, the unintended air infiltration into dwelling units can be divided into two types under
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the two driving forces: (1) infiltration through the household envelope and (2) interzonal
airflow through the household entrance.

Figure 1. Air-driving forces and the associated heating load differences between floors in a MFHRB.

More specifically, in the airflow in MFHRBs, the dwelling infiltration rates including
the two types vary depending on the household and/or floor. Winds that increase in speed
with height cause a difference in the infiltration rate for each floor. The effect of wind is
divided into windward and leeward according to the wind direction, causing a difference
in the amount of infiltration by household. The stack-driven infiltration rate increases
as the floor level decreases below the NPL, and the interzonal airflow rate increases as
the floor increases above the NPL. Therefore, each household in a MFHRB has different
airflow rates for outdoor infiltration and interzonal air. Such characteristics should be
investigated as they can lead to differences in indoor environments, air quality, and cooling
and heating loads between floors as shown in Figure 1; for example, the color scale filled
in the households conceptualizes the level of heating loads caused by airflow by floor in
Figure 1. In particular, residents would complain about household energy consumption
differences if the phenomenon were present in their building.

1.2. Literature Review
1.2.1. Infiltration Responsibility for Heating Load in Buildings

In MFHRBs, a strong airflow caused by the wind and stack effect increases the heating
load. Thus, the effect of infiltration on energy use in MFHRBs has been studied. The
infiltration is responsible for 10.27% of the total winter heating load in a Korean MFHRB [9]
and 10.5–27.4% of winter energy demand in 13 Spanish MFHRBs [10]. Emmerich et al. [11]
estimated that infiltration in U.S. office buildings accounted for 33% of the heating energy.
Jones et al. [12] predicted that infiltration is responsible for 11–15% of U.K. housing stock
energy demand, 3–5% of total U.K. energy demand, and 10–14% of U.K. housing stock
carbon emissions. Moreover, in recent years, because the insulation performance of walls
has significantly improved in low-energy buildings, the proportion of the infiltration load
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to the total heating load has been increasing. Persily et al. [13] identified an increase in the
heating load of infiltration from 13% to 25% owing to the improved insulation in U.S. office
buildings. Thus, the infiltration load can account for a substantial proportion of the heating
demand in MFHRBs.

1.2.2. Dwelling Infiltration Differences in MFHRBs

Different dwelling infiltration rates in MFHRBs have been reported based on the
field measurements in the studies. Shi et al. [14] measured the dwelling infiltration rate
using a tracer gas decay method in 34 households in 34 buildings in Beijing. The dwelling
infiltration rate varied from 0.05 to 0.59 h−1. In 41 households in 15 buildings in Korea,
Hong and Kim [15] measured the seasonal dwelling infiltration rate by a tracer gas decay
method, which varied from 0.09 to 1.28 h−1. Moreover, the dwelling infiltration rate varied
according to the weather conditions because the magnitude of the driving forces differed
depending on the weather conditions. The range of dwelling infiltration in summer was
0.09–0.34 h−1 and that in winter was 0.24–1.28 h−1 [15]. These field measurements for
dwelling infiltration show a considerable difference in infiltration rates depending on
buildings, households, and floors under different weather conditions.

The difference in the infiltration rate in a MFHRB is larger by floor than by household.
In winter, when the stack effect is more dominant than the wind because of large indoor and
outdoor temperature difference, the difference in interzonal airflow by floor appears to be
more dominant than the difference in outdoor infiltration by households at the windward.
In a previous study [16], the amount of dwelling infiltration by household and floor was
calculated through thermal and airflow network simulation considering the interaction
between wind and stack effects in MFHRB. According to the result, the difference between
the top floor and the lowest floor was 179%, with 0.11 h−1 on the top floor (interzonal
airflow: 0.10 h−1, infiltration: 0.01 h−1) and 0.023 h−1 on the lowest floor (only infiltration).

1.2.3. Heating Load Differences by Floor in MFHRBs

The different infiltration rates by floor in a MFHRB can cause a significant difference
in heating load or heating energy consumption by floor. Kang et al. [17] analyzed the char-
acteristics of monthly heating energy consumption in winter by household for 56 Korean
MFHRBs (4494 households) with 15 stories. The highest heating energy consumption
was on the lowest floor, and it decreased with the increase in floor level. However, the
energy consumption on the top floor was the second largest. The study stressed that
the households located on the lowest floor consumed as much as 1.7 times more than
those that consumed the least heating energy, causing a large thermal difference among
these households.

Using the heating energy consumption data obtained by Kang et al. [17], Jang et al. [18]
developed a building energy model derived from an individual MFHRB unit. The model
revealed that the MFHRB units on lower floors require higher set point temperatures (as
much as 23 ◦C) or longer heating times (more than 7 h) than the probable range for heating
control of the building (17–20 ◦C).

Song et al. [19] modeled a hypothetical supertall building with a 200 stories (1000 m)
and simulated the heating and cooling energy loads according to the height for vertical
meteorological changes. If the supertall building was divided vertically into five zones,
the annual heating load increased in proportion to the height. The increase was attributed
to infiltration by wind, the speed of which increases with height. The uppermost zone
required 736% of the heating load of the lowermost zone.

Yoon et al. [9] investigated the difference in the infiltration load in a 32-story MFHRB
by using airflow and energy simulations in winter. Based on the simulation results, the
infiltration load and total heating load were found to consume the most energy on the
bottom floor, followed by the second floor, and the top floor, respectively. The ratio between
the minimum and maximum infiltration loads by floor was 1197.14%. Accordingly, the
total heating load difference was found to be 160.11%.
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1.2.4. Research Gaps

The previous studies mentioned have the following research gaps.

1. The heating load differences by floor have still not been investigated thoroughly
or theoretically in terms of entire-building airflow in MFHRBs.

Previous studies have usually focused on heating load difference between floors in
MFHRBs using field measurements. However, the major influential factors have not been
thoroughly identified. To determine the cause, it is necessary to understand the airflow
of the entire building in MFHRBs and the difference in dwelling infiltration rates by floor
according to weather conditions.

2. There is no indicator to quantify the heating load differences by floor.

In previous studies, the heating load differences were determined differently because
of the absence of an indicator to quantify them. To express the phenomenon between floors
effectively, each floor must be compared in a MFHRB. In other words, it is necessary to
devise an index to quantify the heating load differences between floors.

3. A theoretical model is necessary to estimate heating load differences in the build-
ing design stage.

The findings from previous studies were obtained in the building operation stage. To
prevent (or minimize) the heating load differences for each floor in advance, it is necessary
to evaluate the heating load differences in the design stage. Thus, a theoretical model
is required in order to do so (or to calculate an indicator of the heating load difference
by floor).

1.3. Objective, Novelty, and Contribution

To address the research gaps mentioned above, the purpose of this study was to
develop, based on the stack-driven dwelling infiltration characteristics, (1) a new indicator,
named thermal draft load coefficient (TDLC), quantifying/observing the heating load
difference by floor in a MFHRB and (2) a theoretical model for the indicator calculation in the
design stage. The proposed TDLC is the ratio between the total winter heating load for each
floor and the average for all households in a MFHRB. To our knowledge, it is the first study
to propose an indicator and formulate the theoretical model for quantifying the heating load
differences by floor in MFHRBs. According to the theory of the thermal draft coefficient
(TDC), which represents the stack effect characteristic in a MFHRB [20,21], the proposed
TDLC is formulated by leakage area under given indoor and outdoor temperatures. Thus,
it can be calculated using building information in the design stage. It is expected that this
study will benefit designers and engineers and can even be applied to building design
standards or guidelines for considering heating loads in MFHRBs.

In Section 2, the TDLC is formulated based on a theoretical study of the stack-driven
dwelling infiltration and heating load in MFHRBs. To validate the TDLC, coupled thermal
and airflow network simulation was conducted using EnergyPlus [22] for a target MFHRB,
as discussed in Section 3. As described in Section 4, the theoretical TDLC model was
validated by comparing it with the entire building energy and airflow simulation. The
validation was conducted under different weather conditions defined by a clustering
method. Finally, in Section 5, the phenomena of differences in dwelling infiltration and the
associated heating load by floor in a target building are examined based on the proposed
TDLC, and the reliability of TDLC under different weather conditions is discussed in detail.

2. Theoretical Study
2.1. Stack-Driven Pressure Differences

The stack effect is the dominant driving force of air in high-rise buildings. The
indoor and outdoor temperature differences of the building cause the air density to differ.
The difference in air density causes a pressure difference at the horizontal and vertical
airflow paths in the building. The resulting airflow phenomenon is called the “stack
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effect”. The pressure difference in the stack effect can be expressed by Equation (1). The
pressure difference is proportional to the distance from the NPL and the indoor and outdoor
temperature differences. Thus, the stack effect is dominant in a MFHRB with long vertical
shafts in winter.

∆Pi = g
(

hi − hnpl

)
ρout

(
Tin − Tout

Tin

)
(1)

where ∆Pi is the pressure difference between the outdoor environment and indoor spaces
on the ith floor caused by stack action (Pa), g is the gravitational constant (m/s2), hi is the
building height the ith floor (m), hnpl is the height of the neutral pressure level (m), ρout is
the outdoor air density (kg/m3), Tin is the indoor temperature (K), and Tout is the outdoor
temperature (K).

2.2. Stack-Driven Dwelling Infiltration by Floor in a MFHRB
2.2.1. Power Law Equation

The relationship between infiltration rates and pressure differences across a crack or
opening generally follows a power-law equation. The orifice form of the power-law equa-
tion [23] is shown in Equation (2). Equation (3) shows a power-law formula with a leakage
area and reference pressure difference. Based on the NPL in a MFHRB, the infiltration from
the envelope at the lower part and the interzonal airflow from the household entrance door
at the upper part can be expressed as in Equations (4) and (5), respectively, in terms of
stack effect.

Q = Cb
√

ρout (∆P)n
(

Cb = A CD
√

2
(

∆Pre f

)0.5−n
)

(2)

Q = A CD
√

2
(

∆Pre f

)0.5−n√
ρout (∆P)n (3)

Qlower
i,env = Aenv CD

√
2
(

∆Pre f

)0.5−n √
ρout (∆Pi,env)

n (4)

Qupper
i,ent = Aent CD

√
2
(

∆Pre f

)0.5−n √
ρcorridor (∆Pi,ent)

n (5)

where Q is the mass flow rate (kg/s), ρout is the outdoor air density (kg/m3), ∆P is the
pressure difference (Pa), n is the flow exponent (–), A is the equivalent or effective leakage
area (m2), CD is the discharge coefficient (–), ∆Pre f is the reference pressure difference (Pa),
Qlower

i,env is the mass flow rate from the envelope on the ith floor lower than the NPL (kg/s),
Qupper

i,ent is the mass flow rate from the household entrance door on the ith floor above the
NPL (kg/s), Aenv is the leakage area of envelope (m2), Aent is the leakage area of household
entrance door (m2), ∆Pi,env is the pressure difference at the envelope on the ith floor (Pa),
∆Pi,ent is the pressure difference at the household entrance door on the ith floor (Pa), and
ρcorridor is the corridor air density (kg/m3).

2.2.2. Thermal Draft Coefficient

To characterize and quantify the stack-driven pressure distributions given for airflow
paths in a high-rise building, the TDC is defined as the pressure difference ratio for a
particular partition (e.g., envelope) on each floor or in a building. The TDC has been
extended from previous studies [20,21,24–26]. The original TDC (γ) was suggested by
Tamura [24] for an office building with open floor plans. This is expressed as in Equation (6),
which shows the ratio between the sum of envelope pressure differences at the top (actual
pressure difference) and bottom floors, and the theoretical pressure differences for the
shaft and envelope at the top and bottom of the building (theoretical pressure difference).
This means that the envelope pressure difference ratio is caused by the stack effect in a
building. Then, the original form of the TDC (γ) was redefined as the TDC (γi) for each
floor by Hayakawa and Togari [25] to impart a physical meaning to the individual envelope
pressure difference ratios for each floor, as in Equation (7). Subsequently, Jo et al. [26]
applied the TDC to high-rise residential buildings, considering the interior partitions of



Energies 2022, 15, 1386 6 of 21

the residential buildings, as in Equation (8), in the existing TDC; Equation (8) has a new
term representing the pressure differences across interior partitions. Based on previous
TDC studies, Yoon et al. [20] extended the physical meaning of the TDC from the envelope
(∆Pwi) to all partitions (∆Pi,j), not only for the envelope, on each floor, as in Equation (9).
The extended TDC for the main horizontal airflow paths in a high-rise residential building
is defined, as in Equation (10), by their leakage areas based on the relationship between the
pressure difference and leakage area in stack-driven serial airflow.

Recently, Kim et al. [21] suggested the residential TDC (RTDC), including three correc-
tion factors (CE, CS, and Cρ), as in Equation (11), to reduce the uncertainties caused by the
actual MFHRB conditions as follows: (1) different household layouts, (2) multiple shafts,
and (3) horizontal temperature differences on each floor. Three correction factors are used,
respectively, to cover the three uncertainty factors. The formulation and explanation can
be found in detail elsewhere [21]. Finally, stack-driven dwelling infiltration, as shown in
Equations (4) and (5), can be transformed into Equations (12) and (13), respectively, by
applying the RTDC of Equation (11), expressed as the leakage area to the stack-driven
pressure difference (∆Pi,env and ∆Pi,ent). Therefore, the driving forces (∆Pi,env and ∆Pi,ent)
in the stack-driven dwelling infiltration in Equations (4) and (5) are formulated, as in
Equations (12) and (13), using the leakage-area-based RTDC (γ̂i,j,k) with the total stack
pressure (∆P) on each floor.

γ =
Pa

Pt
=

|∆PwT |+ |∆PwB|
|∆PwT |+ |∆PwB|+ ∑m−1

i=1 ∆Pf i
=

|∆PwT |+ |∆PwB|
|∆PwT |+ |∆PwB|+ |∆PsT |+ |∆PsB|

(6)

γi =
∆Pwi

∆Pwi + ∆Psi
(7)

γi =
∆Pwi

∆Pwi + ∑m
j=1 ∆Ppj + ∆Psi

(8)

γi,j =
∆Pi,j

∑m
j=1 ∆Pi,j

(9)

γi,j =
∆Pi,j

∑m
j=1 ∆Pi,j

=
∆Pi,j

∆Pi,j+∆Pi,j+1+···+∆Pi,m

=
∆Pi,j

∆Pi,j+∆Pi,j ·
(

Ai,j
Ai,j+1

) 1
n
+···+∆Pi,j ·

(
Ai,j
Ai,m

) 1
n

= 1

1+
(

Ai,j
Ai,j+1

) 1
n
+···+

(
Ai,j
Ai,m

) 1
n
= 1(

Ai,j
Ai,j

) 1
n
+

(
Ai,j

Ai,j+1

) 1
n
+···+

(
Ai,j
Ai,m

) 1
n

=

(
1

Ai,j

) 1
n

∑m
j=1

(
1

Ai,j

) 1
n

(10)

γ̂i,j,k =

1
CECρCS

(
1

Ai,j,k

) 1
n

∑m
j=1

1
CECρCS

(
1

Ai,j,k

) 1
n


I f j = envelope or entrance, Cs = 1

I f j = internal partitions except envelope and entrance,
CE = Cs = 1

I f j = sha f t, CE = 1
(11)

Qlower
i,env = Aenv CD

√
2
(

∆Pre f

)0.5−n √
ρout

(
γ̂i,j,k ∆Pi,env

)n
(12)

Qupper
i,ent = Aent CD

√
2
(

∆Pre f

)0.5−n √
ρcorridor

(
γ̂i,j,k ∆Pi,ent

)n
(13)

where γ is TDC (–), Pa is the sum of the actual pressure difference at the exterior wall (Pa),
Pt is the sum of the theoretical pressure differences across the exterior wall and the shaft
wall (Pa), ∆PwT is the pressure difference at the exterior wall on the top floor (Pa), ∆PwB is
the pressure difference at the exterior wall on the bottom floor (Pa), ∆Pf i is the pressure
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difference at the floor on ith floor (Pa), ∆PsT is the pressure difference at the wall of the shaft
on the top floor (Pa), ∆PsB is the pressure difference at the wall of the shaft on the bottom
floor (Pa), γi is the TDC on the ith floor (–), ∆Pwi is the pressure difference at the exterior
wall on the ith floor (Pa), ∆Psi is the pressure difference at the wall of the shaft on the ith
floor (Pa), ∆Ppj is the pressure difference at the jth interior partition (Pa), m is the number
of partitions on the ith floor, γi,j is the TDC at the jth partition on the ith floor (–), ∆Pi,j is
the pressure difference at the jth partition on the ith floor (Pa), Ai,j is the leakage area at the
jth partition on the ith floor (m2), n is the flow exponent (–), γ̂i,j,k is the corrected TDC at
the jth partition of the kth household on the ith floor (–), Ai,j,k is the leakage area at the kth
household of jth partition on the ith floor (Pa), CE is the envelope area ratio correction factor
(–), Cρ is the air density correction factor (–), and CS is the shaft ratio correction factor (–).

2.2.3. Neutral Pressure Level

The NPL must be predefined to calculate the stack-driven pressure and airflow rate, as
shown in Equations (1), (12) and (13). Based on the defined NPL, infiltration, Equation (12),
or the interzonal airflow rates, Equation (13) can be calculated for the lower and upper
dwelling units. For a given MFHRB, the NPL can be calculated from the continuity
equation, as shown in Equation (14). Assuming that there is no air leakage except for the
main building entrances, envelope, and dwelling entrance doors, the amount of infiltration
from (1) the main building entrances on the lobby and basement floors and (2) the dwelling
envelope below the NPL is equal to the total exfiltration of interzonal airflow from the
dwelling entrance doors above the NPL, as in Equation (15). Hence, the location of the NPL
can be determined using Equation (16).

Qin = Qout (14)

Lobby

∑
i=Bottom

Qlower
i,main ent +

NPL

∑
i=Lobby

Qlower
i,env =

Top

∑
i=NPL

Qupper
i,ent (15)

f (NPL) =
Lobby

∑
i=Bottom

Qlower
i,main ent +

NPL

∑
i=Lobby

Qlower
i,env −

Top

∑
i=NPL

Qupper
i,ent = 0 (16)

where Qin is the mass flow rate from outside to the inside (kg/s), Qout is the mass flow rate
from inside to the outside (kg/s), Qlower

i,main ent is the mass flow rate from the main entrance
door on the ith floor lower than the NPL (kg/s), Qlower

i,env is the mass flow rate from the
envelope on the ith floor lower than the NPL (kg/s), and Qupper

i,ent is the mass flow rate from
the household entrance door on the ith floor above the NPL (kg/s).

2.3. Thermal Draft Load Coefficient: Proposed Indicator

In this section, an indicator, the TDLC, is proposed, as shown in Equation (17), to
quantify the stack-driven dwelling airflow load differences by floor in a MFHRB. The TDLC
is defined for each floor (TDLCi) based on the airflow load ratio between the load of each
floor and the average load for all floors in a building. The TDLC can be used to examine the
airflow load differences by floor in the design stage or to observe the real-time phenomenon
in operational buildings. If the TDLC of a specific floor is greater than 1, the airflow load is
higher than the average load of all floors. A TDLC lower than 1 indicates relatively low
airflow loads in a building. In this study, based on the theoretical models for stack-driven
dwelling infiltration discussed above, the infiltration load and interzonal airflow loads were
calculated by multiplying the given specific heat, temperature difference, and dwelling
infiltration (or interzonal airflow) rate, as in Equations (18) and (19), in the steady-state



Energies 2022, 15, 1386 8 of 21

model. The development process of the theoretical models for calculating the TDLC is
shown in Figure 2.

TDLCi =
qi

qave
=

(
qin f iltration + qinterzonal air f low

)
i{

∑
Top
i=1th typical f loor (qin f iltration+qinterzonal air f low)i

number o f typical f loors

} (17)

qin f iltration = Cp,out (Thousehold − Tout) Qlower
i,env (18)

qinterzonal air f low = Cp,corridor (Thousehold − Tcorridor) Qupper
i,ent (19)

where TDLCi is thermal draft load coefficient on the ith floor (–), qi is the sum of the
qin f iltration and the qinterzonal air f low on the ith floor (Wh), qin f iltration is the infiltration load
(Wh), qinterzonal air f low is the interzonal airflow load (Wh), qave is the average load for all
typical floors in a building (Wh), Cp,out is the specific heat of the outdoor air (J/kg·K),
Cp,corridor is the specific heat of the corridor air (J/kg·K), Thousehold is the temperature of the
household air (K), Tcorridor is the temperature of the corridor air (K), Qlower

i,env is the mass flow
rate from the envelope on the ith floor lower than the NPL (kg/s), and Qupper

i,ent is the mass
flow rate from the household entrance door on the ith floor above the NPL (kg/s).

Figure 2. Development process of the theoretical models to calculate TDLC.3. Airflow and energy
simulation method.

3. Airflow and Energy Simulation Method

The theoretical model was compared with the simulation model to validate its ac-
curacy. The simulation model is described in Section 3. First, in Section 3.1, the target
building and the leakage area of the main airflow paths are introduced. Based on the
building information, the airflow and thermal coupled simulation model and conditions
are described in Section 3.2.

3.1. Target Building and Its Leakage Area

The target building is a typical MFHRB in Korea. As shown in Figure 3, the target
building is 106.9 m high with two basement floors, one lobby floor, and 31 typical floors.
The typical floors consist of five households, a corridor, stair shafts, and elevator shafts, as
shown in Figure 3a. From the perspective of the stack-driven airflow in the target building,
the main vertical airflow paths are the stair shafts and elevator shafts. The main horizontal
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airflow paths on the basement/lobby floors include elevator doors, vestibule doors, and
main entrance doors. On typical floors are the elevator doors, household entrance doors,
and household envelope. All spaces, except households, are unconditioned.

Figure 3. Floor plan and cross section of the target building [16].

The leakage area is a major variable in the theoretical model. The leakage areas of the
target building are based on an investigation of the MFHRBs in Korea, as shown in Table 1.
The leakage areas were defined by cm2/m2@10 Pa and cm2/item@10 Pa, respectively for
envelope and doors, based on the equivalent leakage area (EqLA) at the reference pressure
of 10 Pa. The NPL in Korean MFHRBs was investigated, as summarized in Table A1. The
average height of the NPL was one-third the height of the target building. The leakage
areas of the target building were adjusted from the investigated leakage areas to fit the
one-third NPL and to affect the same TDC in every main horizontal airflow path. The
adjusted leakage areas used to calculate the theoretical and simulation models are listed
in Table 1.

3.2. Simulation by the Airflow and Thermal Coupled Network Model (EnergyPlus)

Simulations were performed using a coupled airflow, thermal multizone network,
and EnergyPlus (version 9.2.0, U.S. Department of Energy; Washington, DC, USA) [22].
The airflow network modeling was conducted based on the main airflow paths of the
target building described in Section 3.1. Each airflow node on the paths was connected
horizontally and vertically by the “airflow network object” [30]. The airflow network object
in EnergyPlus derives the accurate airflow distributions and temperature distributions by
the coupled airflow and heat calculations of every zone. To consider the magnitude of the
stack effect, the indoor temperatures of the unconditioned spaces (corridor, stair shafts, and
elevator shafts) were calculated in the simulation model. Unlike the theoretical model in
this study, the simulation model considered the wind effect. The wind pressure coefficient
of the target building was defined using the surface average calculation method [31]. The
simulation conditions are listed in Table A2.
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Table 1. Leakage area applied to theoretical model and simulation model.

Floor Main Horizontal Airflow Path Investigated Leakage
Areas *

Adjusted Leakage Areas to
Fit the Average NPL *

Typical floor

Envelope [cm2/m2 @10 Pa]

1.21~1.51 [26]

1

1.32~1.74 [16]

1.37~2.69 [16]

2.05 [20]

1.41~2.77 [16]

3.27~3.40 [16]

Entrance door

17 [20]

70
70 [26]

103 [27]

225.21 [28]

Elevator door
325 [26]

120
517.44 [28]

Vestibule door 163.5 [16,29] 163.5

Stairwell door 219.45 [16,29] 219.45

Main entrances

1st Floor
Main entrance door (Automatic door) 1000 [29], 3685.32 [16] 5000

Vestibule door (Swing) 6445.97 [16,29] 6445.97

B1
Main entrance door (Swing) 1000 [29], 6769.95 [16] 5000

Vestibule door (Swing) 2105.05 [16,29] 2105.05

B2
Main entrance door (Swing) 1000 [29], 3205.60 [16] 5000

Vestibule door (Swing) 2215.08 [16,29] 2215.08

*: Unit of leakage area: cm2/item@10Pa, discharge coefficient: 0.611, and flow exponent: 0.65.

4. Validation of Theoretical Model

The accuracy of the theoretical model was validated using the simulation model. The
validation was conducted under the classified weather conditions based on the strength
of the wind and stack effect. In Section 4.1, clustering analysis is introduced to cluster
the outdoor temperature and wind speed. In Section 4.2, the validation of the theoretical
models using these indices is described. The validation dataset is organized by time (hourly)
according to weather conditions and floor (2F–32F) according to the input variables.

4.1. Classification of Weather Conditions by Clustering Analysis

Clustering is an unsupervised learning algorithm that can cluster unlabeled data
based on similarity. In this study, k-means clustering was used to partition the winter
(January, February, and December in Korea) weather dataset (hourly) into subgroups. The
k-means clustering is a centroid-based algorithm in which the cost function is defined as in
Equation (20). The number of clusters (k = 5) was determined using the elbow method [32].
The clustering analysis was performed in Python environments. The clustering results
are presented in Figure 4. The cluster in the lower-left area of Figure 4 has the lowest
outdoor temperature and the lowest wind speed, which is a strong stack effect condition.
Based on the strong stack effect condition, in counterclockwise order, the normal stack
effect condition, the weak stack effect condition, the weak stack effect with wind condi-
tion, and the normal stack effect with wind condition are classified as dominant for each
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weather condition. The accuracy of the theoretical model was validated under these five
weather conditions.

C =
k

∑
i=1

∑
xj∈Si

∣∣xj − µi
∣∣2 (20)

where C is the cost function of k-means clustering, k is the number of clusters, xj is the
jth data sample in Si, Si is ith cluster from dataset, and µi is the centroid (mean of cluster
samples) of cluster Si.

Figure 4. Five climatic conditions classified by k-means cluster.

4.2. Validation of Theoretical-Model-Based Dwelling Infiltration Rates and Its Heating Load

The indices used to validate the accuracy of the theoretical model are the coefficient
of variation of the root mean square error, or CV(RMSE), and normalized mean bias error
(NMBE), as shown in Equations (21) and (22), which are used in the uncertainty analysis of
energy models. The CV(RMSE) indicates the ability of the model to calculate the overall
shape reflected in the data. The criterion of the acceptable CV(RMSE) is less than 30%
for the energy model proposed in ASHRAE Guideline 14 [33,34]. The NMBE provides
the global difference between the real (simulation model) and the predicted (theoretical
model) values [35]. The NMBE criterion for the energy model was less than 10% [33,34].
The theoretical model satisfied the criteria for most weather conditions.

CV(RMSE) =
1
y

√
∑n

i=1(yi − ŷi)
2

n− p
100 (%) (21)

NMBE =
1
y

∑n
i=1(yi − ŷi)

n− p
100 (%) (22)

where y is the average of the real values, yi is the real value, ŷi is the predicted value, n is
the number of the data, and p is the number of adjustable model parameters, suggested to
be one in CV(RMSE), and zero in NMBE [36,37].

Figure 5 shows the accuracy of the theoretical-model-based dwelling infiltration rates,
as in Figure 5a, and dwelling infiltration heating load, as in Figure 5b, against the simulation
model under clustered weather conditions. In addition, the accuracies of the theoretical
model with and without RTDC were compared. The theoretical model with the RTDC
applied was more accurate than that without the RTDC, resulting in a smaller CV(RMSE)
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and NMBE under all weather conditions. Compared with the model without the RTDC,
the CV(RMSE) and NMBE of the model with the RTDC decreased by 42.2% and 76.2%,
respectively, for all weather conditions in dwelling infiltration, respectively, as shown in
Figure 5a, and decreased by 36.5% and 49.7% in the dwelling infiltration heating load,
respectively, as shown in Figure 5b. In Figure 5a, the stronger the stack effect, the better
the accuracy of the theoretical dwelling infiltration. The accuracy of the stack-dominant
conditions (conditions 2 and 3) was better than that of the stack effect with wind conditions
(conditions 4 and 5). This is because the theoretical model is based on the stack effect and
does not consider wind.
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Figure 5. The accuracy of the theoretical model against the simulation model.

Based on the theoretical dwelling infiltration, the accuracy of the heating load under
clustered weather conditions is shown in Figure 5b. The CV(RMSE) and NMBE in Figure 5b
are similar to those in Figure 5a, but the numeric values of the indices are slightly larger
overall. However, the CV(RMSE) of the theoretical-model-based heating load with the
RTDC was less than 30% under all weather conditions. The theoretical model satisfied the
CV(RMSE) and NMBE criteria in all weather conditions except for condition 5 (weak stack
effect with wind) in NMBE, proving its validity.

5. Results and Discussion
5.1. Dwelling Infiltration and Heating Load by Floor

The theoretical-model-based dwelling infiltration rates and its heating load by floor
are expressed as a boxplot in Figure 6. Each box includes hourly results, and outliers
are removed. Figure 6a shows dwelling infiltration by weather conditions. In stack-
dominant conditions (conditions 1, 2, and 3), the amount of infiltration under the NPL
(between 12F and 13F in the target building) increased as the distance from the NPL
increased. The amount of interzonal airflow above the NPL increased farther away from
the NPL. The top floors showed the highest infiltration rates, which were the stack-driven
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interzonal airflow rates from the corridors, under the five weather conditions. These trends
become prominent as the stack effect strengthens. The feature of the stack effect with wind
conditions (conditions 4 and 5) was similar to the stack-dominant conditions because wind
was not considered in the theoretical model.

Figure 6. The dwelling infiltration and heating load by floor under the clustered weather conditions.

As shown in Figure 6b, the heating load of the dwelling infiltration also increased with
increasing distance from the NPL. The heating load under the NPL was larger because of
the stack-driven outdoor air infiltration temperatures, although the outdoor air infiltration
rates were lower than the interzonal airflow rates above the NPL. The heating loads above
the NPL were smaller owing to the higher temperatures of the interzonal airflow from the
corridors. Specifically, the increasing rate of heating load by the floor on the top floor (32F)
was relatively high. This was because the interzonal air temperatures of the corridor were
lower on the top than on the other floors owing to the heat transfer with the exterior roof.
The stronger the stack effect, the greater the difference in the heating load between floors.



Energies 2022, 15, 1386 14 of 21

In the strong stack effect condition (condition 1), the smallest heating load was 0.15 kWh
(average) on 13F near the NPL, and the largest heating load was 4.4 kWh (average) on
2F, showing a 29-fold difference. Conditions 2 and 4 had a difference of 27 times, and
conditions 3 and 5 had a 25-times difference. These results indicate the necessity of the
TDLC to identify the heating load differences.

5.2. TDLC

By applying the TDLC to the dwelling infiltration heating load, as shown in Figure 6b,
the difference between floors can be expressed intuitively, as shown in Figure 7a. The
TDLC in Figure 7 was calculated using the average of the hourly dwelling infiltration
heating loads by weather conditions. In Figure 7, the theoretical-model-based TDLC, as in
Figure 7a, simulation-based TDLC, as in Figure 7b, and their error rates, as in Figure 7c, are
expressed as a heatmap. A TDLC of a floor larger than 1 (red) is greater than the average
dwelling infiltration heating load of all floors. A TDLC smaller than 1 (blue) implies less
than the average load of all floors.

The theoretical TDLC, as shown in Figure 7a, increased as the floor levels decreased
(from 13F to 2F) based on the NPL. The maximum TDLC was 2.5 on the lowest floor with
condition 1 (strong stack effect), which is 2.5 times greater than the average load of all
floors. On the upper floor of the NPL, the TDLC was less than 1, which means less than
the average load of all floors. The TDLC increased as the floors increased (from 13F to 32F)
and approached approximately 1. From the perspective of weather conditions, the greater
the stack effect, the greater the TDLC on the lower floors and the greater the TDLC on the
upper floors.

The simulation-based TDLC, as shown in Figure 7b, is generally similar to the theoret-
ical one, as in Figure 7a. In condition 1 (strong stack effect), the average error rate between
the theoretical- and simulation-based TDLCs of entire floors was only 10.8%, as shown in
Figure 7c. However, the TDLC around the NPL (between 12F and 13F) showed a relatively
large difference (maximum 79% on 13F in condition 5). This is because of the wind-driven
infiltration occurring around the NPL, where the pressure difference of the stack effect was
less. In conditions 4 and 5 (stack effect with wind), the error rate on the upper floors of the
NPL was slightly larger than those of conditions 2 and 3 (stack dominant), respectively,
because the wind pressure increases with height. For example, the error rate on the top
floor was 18% in condition 5 (weak stack effect with wind) and 11% in condition 3 (weak
stack effect). Despite the wind effect, the error rate decreased for all floors as the stack effect
increased. Therefore, the theoretical-model-based TDLC can be reasonable in winter when
the stack effect is dominant.
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Figure 7. The TDLC (Thermal Draft Load Coefficient) and its error rate by clustered weather conditions.
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6. Conclusions

An indicator (the TDLC) was proposed for expressing and evaluating the dwelling
infiltration heating load differences between floors in a MFHRB in winter. The TDLC
is based on the stack effect and leakage area of the airflow paths, considering the entire
building airflow in the MFHRB. To validate the accuracy of the theoretical model, its results
were compared with that of a simulation using the airflow and thermal coupled network
model. The comparison was performed according to the magnitude of the stack effect and
wind, by clustering the weather conditions in winter. The theoretical model satisfied the
accuracy criteria of the energy model [33,34] under stack conditions, even though there
were errors in the wind-dominated condition. Because the stack effect dominates over the
wind in winter, big errors appear only on certain floors around the NPL. The winter average
CV(RMSE) and NMBE showed 17.1% and 9.3%, respectively, and they were acceptable.
According to the results for the target building, the difference in heating load between
floors was significantly large because of the difference in the amount of dwelling infiltration
between floors. In particular, the TDLC under the NPL was larger than 1 (a maximum of
2.5) owing to infiltration from the outside. The TDLC above the NPL was smaller than
1 (a minimum of approximately 0.1) owing to the interzonal airflow. As the stack effect
became greater, the TDLC under the NPL increased further, and the TDLC above the NPL
decreased further.

The theoretical-model-based TDLC can be used in the building design and operation
stages. The theoretical-model-based TDLC enables designers or engineers to identify and
reduce the heating load differences for each floor in advance by adjusting the leakage area
of the main airflow paths in the design stage. In the building operation, the proposed TDLC
model can be used with indoor temperature sensors (or indoor environmental sensing
systems) to observe the stack-driven dwelling infiltration rates and heating loads in real
time. In future research, the proposed TDLC can be extended into the dwelling unit/zone-
level models, thus providing detailed information about the zone-level infiltration rates
and heating loads for indoor air and environmental management applications. The main
leakage areas should be defined by floors or dwelling units for more realistic applications.
In addition, it will be necessary to supplement the limitation of the wind effect in the
theoretical model.
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Nomenclature

Abbreviation
MFHRB multifamily high-rise building
TDLC thermal draft load coefficient
NPL neutral pressure level
TDC thermal draft coefficient
RTDC residential thermal draft coefficient
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EqLA equivalent leakage area
CV(RMSE) coefficient of variation of the root mean square error
NMBE normalized mean bias error
Symbols
Q mass flow rate [kg/s]
ρ air density [kg/m3]
∆P pressure difference [Pa]
n flow exponent [–]
A equivalent or effective leakage area [m2]
CD discharge coefficient [–]
γ TDC [–]
Pa sum of the actual pressure difference at the exterior wall [Pa]
Pt sum of the theoretical pressure differences across the exterior wall and the shaft wall [Pa]
∆PwT pressure difference at the exterior wall on the top floor [Pa]
∆PwB pressure difference at the exterior wall on the bottom floor [Pa]
∆Pf i pressure difference at the floor on ith floor [Pa]
∆PsT pressure difference at the wall of the shaft on the top floor [Pa]
∆PsB pressure difference at the wall of the shaft on the bottom floor [Pa]
∆Pwi pressure difference at the exterior wall on the ith floor [Pa]
∆Psi pressure difference at the wall of the shaft on the ith floor [Pa]
∆Ppj pressure difference at the jth interior partition [Pa]
CE envelope area ratio correction factor [–]
Cρ air density correction factor [–]
CS shaft ratio correction factor [–]
q load [Wh]
Cp specific heat [J/kg·K]
T air temperature [K]
C cost function of k-means clustering [–]
k number of clusters [–]
x data sample [–]
S dataset [–]
µ centroid (mean of cluster samples) [–]
y average of the real values [–]
yi real value [–]
ŷi predicted value [–]
n number of the data [–]
p number of adjustable model parameters [–]
Subscripts
out outdoor or from inside to the outside
re f reference
i ith floor or ith cluster
j jth partition or jth data
k kth household
env envelope
ent household entrance door
lower lower the NPL
upper upper the NPL
m number of partitions
in from outside to inside
main ent main entrance door
ave average
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Appendix A

CEi,j,k =

∑K
i=1
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) 1
n
+
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n
+···+
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+
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1
n
·

Ai,j,k
1
n(

∑K
k=1 Ai,j,k

) 1
n

(A1)

Ai,j,k = αi,j,k·A′i,j,k (j is household envelope) (A2)

where CEi,j,k is the envelope area ratio correction factor at the jth partition of the kth house-
hold on the ith floor (–), Ai,j is the leakage area at the jth partition on the ith floor without
partition between households in the ideal building (m3/s), K is the number of households,
n is the flow exponent (–), αi,j,k is the architectural envelope area at the jth partition of the
kth household on the ith floor, and A′ i,j,k is the leakage area per envelope area.

Cρ i,j,k =

(
273.15 + Ti,R

273.15 + Ti,j,k

) 1
2n

, (Inflow) (A3)

Cρ i,j,k =

(
273.15 + Ti,R

273.15 + Ti,j+1,k

) 1
2n

, (Outflow) (A4)

where Cρ i,j,k is the air density correction factor at the jth partition of the kth household on
the ith floor (–), Ti,j,k is the air temperature of the previous airflow zone at the jth partition
of the kth household on the ith floor (°C), Ti,R is the reference air temperature on the ith
floor (°C), and n is the flow exponent (–).

CSi =

(
NEL AEL + NSC ASC

NEL AEL

) 1
n

(A5)

CSV i =


NSC((

1
ASC

) 1
n
+
(

1
AV

) 1
n
)n + NEL AEL

NEL AEL



1
n

(A6)

where NEL is the number of elevator shafts on the ith floor, NSC is the number of staircase
shafts on the ith floor, AEL is the total leakage area of an elevator shaft on the ith floor, ASC
is the total leakage area of a staircase shaft on the ith floor, CSi is the shaft ratio correction
factor (–) on the ith floor, CSV is the shaft ratio correction factor with vestibule door (–), AV
is the leakage area of the vestibule door, and n is the flow exponent (–).
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Table A1. Neutral pressure level (NPL) investigated in Korea [29].

Building No. Top Floor (Basement Floor) NPL Floor NPL Ratio Reference

1 20 (3) 3 0.15 [38]

2 32 (2) 4 0.14 [20]

3 40 (5) 12 0.30 [39]

4 37 (6) 17 0.45
[40]

5 47 (3) 26 0.55

6 30 (2) 3 0.10 [41]

7 20 (-) 9 0.48 [42]

8 72 (-) 36 0.50
[43]

9 46 (-) 18 0.39

Average 38 (4) 14 0.34 -

Table A2. EnergyPlus simulation conditions [29].

Simulation Condition Composition Description

General Setup

Simulation period Begin: 12/01, End: 02/28 (winter season in Korea)

Whether data EPW (Climate.OneBuilding), Chuncheon, Korea [44]

Airflow network object
Airflow element: Effective leakage area

Simulation control: Multi-zone without distribution
Wind pressure coefficient: Surface average calculation

Thermal performance

U-value (based on the passivhaus
standard in Korea [45])

Opaque Wall: 0.15 W/m2·K
Window: 0.7 W/m2·K, SHGC: 0.4

Material Opaque Wall: No Mass
Window: Simple Glazing System

Leakage area

Typical floors
As shown in Table 1

Main entrances

Others [20] Rooftop entrance door: 215.53 cm2/item@10 Pa
Top opening of the elevator shaft: 0.83 m2

Mechanical Systems
Heating systems

Ideal Load Air system
Heating set point: 24°C for households

Operation Schedule: same as the simulation period

Ventilation system Not modeled

Internal heat gain and schedule
Internal heat gain [46]

People: 95 W/person (Zone floor area per person:
35.3 m2/person) Lights: 6.5 W/m2

Electric equipment: 6.7 W/m2

Schedule [47] DOE residential-building reference model
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