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Abstract: Energy loss and performance deterioration caused by the stack effect are emerging issues
in high-rise office buildings (HROB). However, a single countermeasure may not completely remove
the stack effect problems, so combinations of countermeasures are often considered in building
commissioning or retrofit projects to achieve the desired results. Therefore, a comprehensive study on
combinations is necessary for the final decision-making. In this study, a multi-criteria decision-making
model is proposed, which is utilized to calculate the ranking of countermeasure combinations for the
final decision-making index by assigning weights and conducting comprehensive analysis on four
criteria: infiltration energy loss, maximum pressure difference, investment cost, and implementation
resistance. Based on a two-level Fractional-Factorial design (FFD), the interaction effects between
countermeasures were verified, and the regression models of infiltration energy loss and maximum
pressure difference were obtained as well. The investment cost and implementation resistance were
defined according to the investigation and survey. An Analytic Hierarchy Process (AHP) was applied
to establish the weights of each criterion. A weighted Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS) method was applied to establish the decision-making index. Through
the case study of a HROB located in northern China, it was concluded that the ideal combination
can reduce infiltration and pressure difference by 26.88% and 87.58%, respectively, with low-level
investment costs and implementation resistance. The results indicate that the multi-criteria model
provides a comprehensive ranking of countermeasure combinations, which can serve as a quantitative
basis for the final decision-making. Furthermore, this multi-criteria decision-making approach can be
extended to other buildings in other regions.

Keywords: stack effect; high-rise office building; energy efficiency; countermeasure combination;
interaction analysis; fractional-factorial design

1. Introduction

The stack effect, also called the thermal pressure effect or buoyancy-driven ventilation
effect, is derived from the temperature difference between outdoor and indoor air. The stack
effect is a common natural phenomenon existing in high-rise buildings. The magnitude
of the stack effect is determined by building height alone, aside from the temperature
difference [1]. High-rise office buildings (HROB) are defined as ones whose height is greater
than 91 m [2], which is enough to raise a severe stack effect in cold regions. Meanwhile,
office buildings often have some common characteristics, including a higher window-
wall ratio, a large number of occupants, heavily used elevators and staircases, and a
large connected interior area [3]. These characters will only exacerbate the stack effect on
freezing days. The negative impacts of the stack effect mainly include localized excessive
pressure and substantial air infiltration. Excessive pressure often presents major problems
for elevator doors, which may be difficult to open and close [4]. Furthermore, noise
from excessive airflow through doors may exist as whistling and whooshing [4]. Heating
problems and high energy consumption can occur because of a substantial infiltration or
leakage of cold air through openings and across the envelope.
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Various countermeasures have been proposed to mitigate the stack effect in HROBs
and have been demonstrated in many studies. Kosonen et al. [5] compared the effects of
several measures by simulation experiment and found internal air tightness is playing the
major role in the control of the stack effect. Lim et al. [1] summarized the countermeasures
for the stack effect and classified them into two types, the architectural measures and the
mechanical measures, according to the principle. Lee et al. [6] proposed the shaft cooling
technology by reducing the temperature difference between the elevator shaft space and
the outdoor environment to weaken the driving force of the stack effect. Song et al. [7]
improved the shaft cooling technology by using mechanical ventilation to cool elevator
shaft space with outdoor air. Xie et al. [8] built a coupled multi-zone and CFD model to
simulate the elevator shaft cooling system. They found that the shaft cooling system can
help reduce safety problems caused by the stack effect and ensure the normal use of the
elevators. In another study, Yu et al. [9,10] created effective operation schemes for the
HVAC systems by pressurizing the upper zone of the building to solve the problems related
to the stack effect and successfully reduce the noise caused by the stack effect.

However, the stack effect in cold region HROBs is difficult to eliminate with only a
single countermeasure [1]. A variety of combinations should be considered. It is relatively
simple to evaluate a single countermeasure and just needs comparing technical criteria,
while evaluating a combination involving multiple countermeasures is challenging because
interaction effects occur when the effect of one factor depends on the value of another factor.
Lim et al. [1] confirmed the existence of interactions between countermeasures. Although
many countermeasures have been proposed to eliminate the stack effect, very little research
has so far concentrated on their combination. Lim et al. [1] took the lead in researching
the combined effect of these countermeasures in a building in South Korea; however, they
focused on the interactions rather than the practical applicability. There is a gap in the litera-
ture, particularly with regard to the practical applicability of countermeasure combinations,
where there is a lack of guidance for comprehensive evaluation and final decision-making.

To conduct comprehensive analysis and guide decision-making, one first needs to be
able to accurately calculate the main and interaction effects of combinations. The multi-
zone airflow network simulation can be used to calculate the airflow of the stack effect in
buildings. A multi-zone airflow network model, CONTAMW [11], developed by the U.S.
National Institute of Standards and Technology (NIST) has been widely used for the airflow
simulation of the stack effect in previous studies [1,6,12-18]. A validated CONTAMW
model can simulate and calculate the effects of individual countermeasures or combinations
of countermeasures on building infiltration and pressure distribution. However, it is too
complicated to try and apply all possible combinations to find out interactions’ effects. The
design of experiments (DOE) is a systematic scientific approach for determining the most
effective arrangement of experiments and obtaining the most useful information by result
analysis [1]. The purpose of DOE is to find the single factor or combined factors that have
a significant effect on the responding variable and detect the interactions between two or
more factors. The DOE has been widely adopted in building science research due to its
robustness and convenience [19-22]. The fractional-factorial design (FFD) is an advanced
kind of DOE that can obtain enough information from fewer experiments [23].

Moreover, the decision-making process for countermeasure combinations in practical
projects requires more information about subjective and objective constraints. Technical
criteria can be obtained from FFD, but it is not enough for a comprehensive evaluation.
The cost is a suitable objective constraint because a better effect can be achieved with
more countermeasures being conducted, while the total cost will be over budget. In the
literature [24-26], the focus of cost analysis is often on regular measures such as energy
source or exterior wall renovation, but few researchers are concerned about the cost of im-
proving the tightness of doors. A subjective term, implementation resistance, is appropriate
to the model. The resistance depends on the impact of countermeasure implementa-
tion on regular daily operations. Like the cost, the resistance to the countermeasure is
scarcely mentioned.
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Furthermore, the comprehensive study needs an appropriate multi-criteria evaluation
method. The multi-criteria model should possess the capability of determining the appro-
priate countermeasure combinations and abandoning the bad and unrealistic ones. The
technique for ordering preference by similarity to an ideal solution (TOPSIS) is a ranking
method based on the proximity of criteria to an ideal strategy [27-31]. This method can
evaluate the relative merits of countermeasure combinations under multi-criteria.

The purpose of this study is to develop a multi-criteria decision-making model that
is utilized to calculate the ranking of countermeasure combinations for the final decision-
making index by assigning weights and conducting comprehensive analysis on four criteria:
infiltration energy loss, maximum pressure difference, investment cost, and implementation
resistance. Based on a two-level FFD, the interaction effects between countermeasures are
verified systematically, and the regression models of the technical criteria are obtained. The
investment cost and implementation resistance are defined according to the investigation
and survey. An AHP is applied to establish the weights of each criterion. A TOPSIS method
is applied to establish the ranking of countermeasure combinations and the decision-
making index. The researchers can base their final decision-making on the index and
ranking and select the highest-ranked countermeasure as the chosen strategy, or they can
provide a quantitative basis for final decision-making when demand changes.

2. Materials and Methods
2.1. The Principle and Coutermeasures of Stack Effect
2.1.1. Vertical Pressure Distribution in HROBs

Figure 1 shows the thermal pressure profiles of a HROB during the winter. The
intersection of the pressure profiles of the indoor and outdoor is the neutral pressure level
(NPL). Neglecting vertical density gradient, the pressure difference caused by the stack
effect at a specific vertical location can be expressed as Equation (1) [32]:

T, —T;
APsp = Po( . T l)g(HNPL —h) 1
1
where APgr is the thermal pressure difference caused by the stack effect, Pa; T, and T; are
the absolute outdoor and indoor temperatures, K; p, is outdoor air density, kg/m?; g is the
gravitational constant, m/s?; Hypy and h are the height of the NPL and the height above

the reference plane, respectively, m.
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Figure 1. Indoor and outdoor absolute pressure profiles by stack effect.

From Equation (1), the total magnitude of the stack effect is determined by the building
height and the indoor and outdoor temperature difference. The farther away from the NPL,
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the greater the APsr caused by the stack effect. The APsg on each floor produces inter-zonal
airflow, which causes outdoor air infiltration or indoor air leakage.

Wind pressure is another kind of vertical pressure distribution on the outside of
HROBs [33,34]. The static pressure formed by wind is usually positive on the windward
side and negative on the leeward side and roof. However, the actual distribution of
wind static pressure is complex and very variable and depends on wind direction, speed,
air density, surface orientation, and surrounding conditions. A wind tunnel test or a
Computational Fluid Dynamics (CFD) simulation [35-37] is often applied to obtain the
actual wind pressure distribution.

The Heating Ventilation Air Conditioning (HVAC) systems also have an impact on
the vertical pressure distribution. Figure 2 illustrates the combined pressure distribution
of thermal, wind, and HVAC systems. The total pressure difference APrpT4] is expressed
as [12]:

AProrar = APsg + APy + APyyac (2)

where APy and APpyyac are the pressure differences caused by the wind and HVAC
systems, respectively, Pa.

AP AP

HVAC TOTAL

W3PH

Pressure
L e

] |

Figure 2. Combined pressure distribution of thermal, wind, and HVAC systems.

2.1.2. Horizontal Pressure Distribution across Floors

Every interior partition on the same floor has a pressure difference, as shown in
Figure 3. The horizontal pressure distribution is determined by the ratio of the leakage
areas of the interior partitions. Jae-hun Jo et al. [38] proposed the formula for calculating
the thermal pressure coefficient () on each floor as Equations (3)—(5):

 APpy APy .
7= APsr ~ APgy + 1, APp; + APs

APpn = v X APsg 4)

Y. APpi+APs = (1—17) x APsg ®)

where APry is the pressure difference at the envelope, Pa; APp; is the pressure difference at
the ith interior partition, Pa; APs is the pressure difference at the vertical shaft, Pa; n is the
total number of interior partitions.

The 7y is a criterion of the tightness of the envelope and can also be used to calculate the
air infiltration and leakage. An improved formula [1] of y is given by Equations (6) and (7),
and the pressure differences are replaced by the equivalent leakage area of the envelope

and interior partitions.
1
1+ (Apen/Aen)?
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where Af gy is the equivalent leakage area of the envelope, cm?; Ar g is the equivalent
leakage area of the vertical shaft, cm?; Ap p; is the equivalent leakage area of the ith interior
partitions, cm?; Ag py is the equivalent leakage area of a series of interior partitions and the
vertical shaft, cm?.

\il nd interior ST

1stinterior | partition
partition

Figure 3. Horizontal pressure distribution across floor.

The equivalent leakage area of structures is expressed as [8]:

\/ pref/ZAPref
Ap =10,000Q,,f ¥

& ®)

where Ar is equivalent leakage area, cm?; Q,,  is the airflow rate at APy, m3/s; Pref 1S

reference air density, kg/m3; AP, ¢ is reference pressure difference, Pa; Cp is discharge
coefficient, dimensionless.

2.1.3. Infiltration and Leakage Airflow

Based on the Bernoulli equation, the airflow rate through the large openings in struc-
tures that include opened doors and windows can be calculated by Equation (9) [39].
Draughty envelopes are often described by the power law equation [13], i.e., Equation (10).
The flow coefficient ¢ in Equation (10) can be converted to an equivalent leakage area Ag
with Equation (11) [36,40,41].

Q = CpAop/2APop/p )

Q = c(APop)" (10)

_ CpAp [ 2 05-n
€7 10,000/ pres (AP ref ) (1)

where Q is airflow rate, m3/s; Cp is discharge coefficient, dimensionless; App is the cross-
sectional area for opening, m?; APgp is the pressure difference across opening, Pa; c is flow
coefficient, m3/ (s-Pa™); A is equivalent leakage area, cm?. o is air density, kg/ m3; Pref is

reference air density, kg/m?; AP,  is reference pressure difference, Pa.

2.1.4. Countermeasures to Mitigate Stack Effect

Different countermeasures have different priorities for eliminating excessive pressure
and substantial air infiltration. According to Equation (9), for a specific building structure,
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a large pressure difference signifies a large airflow. A decrease in opening area contributes
to the decrease in airflow rate while the ratio of pressure difference increases, according to
Equation (8) and Equation (6), respectively. Thus, the series of equivalent leakage areas as
shown in Equations (6) and (7) can be redesigned to improve the tightness of the whole
building, reducing air infiltration, or to adjust the ratio of pressure distribution on interior
partitions to eliminate excessive pressure. The countermeasures based on this principle can
be classified as architectural measures [1].

Improving the tightness level of the envelope is an effective measure because the
total air infiltration can be diminished observably and directly, as can the proportions of
pressure difference between interior partitions and shafts [5,14,42]. From Equation (3),
the proportion of pressure difference on the envelope increases. This measure is more
reliable and safer due to the fact that envelope structures are designed to withstand high
pressure [1].

Reducing the leakage area of openings in envelope is another measure to reduce the
airflow rate across the envelope [18]. The large openings, such as opened entrance doors,
exhaust outlets, orifices at the top of shafts, and even broken windows, often cause signifi-
cant airflows. Reducing leakage area as much as possible is a workable countermeasure.
For frequently-used entrance doors, a two-door vestibule installed between the entrance
door and the lobby or using revolving doors are also feasible alternatives [43].

Improving the tightness of elevator doors and stair doors aims at diminishing the
vertical airflow rate between upper and lower floors. Usually, elevator shafts, and stairwells
can be considered the only primary vertical flow paths in a building’s interior. However,
improving the tightness can cause an increase in pressure differences at elevator doors on
top and bottom floors, and operation failure or noise occurs when the pressure difference
exceeds the maximum of 25 Pa [2].

Additional vestibules of elevator doors and stair doors can divide the pressure differ-
ence. If this measure cooperates with improving the tightness of elevator doors and stair
doors, there will inevitably be interactions.

Furthermore, there is another principle to minimize stack effect with the help of me-
chanical equipment [1]. Mechanical measures in development include room pressurization
and elevator shaft cooling. Room pressurization reduces the pressure difference between
the elevator shafts and office area by pressurizing the office area above the NPL [10]. The
APgr of each floor below the NPL decreases. The air infiltration and energy consumption
increase ineluctably as a large quantity of air needs to be heated and pumped into the
buildings. The room pressurization measure using the existing HVAC system should
operate temporarily when the stack effect is severe.

The elevator shaft cooling method uses pumps to pump cold outdoor air into the
elevator shaft space. As the primary vertical flow path in the building interior, the elevator
shaft space has the closest average temperature to the T; expressed in Equation (1). The
elevator shaft cooling measure has been shown in the literature [6,8,9] to effectively reduce
the magnitude of the stack effect. In existing building retrofit projects, there needs to be
plenty of space for the ducts and fans connecting the shaft to the outside.

2.2. Establishment of Multi-Criteria Model
2.2.1. Case HROB Analysis

An office building in Inner Mongolia, China, was used for the case study. The case
building has 21 floors above and 2 underground floors. The first and second floors are
halls, and the third floor and above are offices. The underground floors are designed as
parking garages. Figure 4 shows the vertical air flow path in the building interior. The
main flow paths include 6 passenger elevators, 1 emergency and freight elevator, 3 low-rise
staircases, and 2 full-scale staircases. The passenger elevators on each floor except first and
second share a vestibule with two automatic doors installed on the north and south sides,
respectively. The emergency and freight elevators and full-scale stairwells have two-door
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vestibules. The first floor contains a large lobby that extends to third floor. The entrances
have a two-door vestibule with swing doors.

B2

6 Passenger
elevator

21F

2 Low-rise
staircase

2 Full-scale
staircase

1 Emergency
&freight
elevator

Figure 4. The vertical air flow paths in building interior.

B | Tightness of stair door

C | Tightness of elevator door

Tightness of elevator
vestibule door

Combinations

This HROB is located in severe cold region, and the severe stack effect created by huge
temperature difference has caused several issues, such as whistling and whooshing from
elevator doors on the bottom and top floors, malfunctions of doors opening and closing,
and a huge energy loss. Most countermeasures discussed in Section 2.1.4 could be applied
either on their own or in combination with each other. Based on the case-building process,
the process and methodology of multi-criteria model establishment are elaborated in the
following sections. The research outline is shown in Figure 5.

—_————————— e e — ~
Countermeasures
‘ Adding passenger elevator Leakage area of opening
A | Vestibule (1 and 2" floor) E ‘ b e

F | Tightness of envelope

G | Elevator shaft cooling

H | Room pressurization
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Muilti-zone airflow network model
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B

Figure 5. Research outline.
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2.2.2. Multi-Zone Airflow Network Simulation

The multi-zone airflow network model CONTAMW describes a building with a
network of spaces and conjunction nodes. The spaces present the simplified building
interior zones, and the nodes present air flow paths in building structures such as doors



Buildings 2023, 13, 653

8 of 22

and windows. Each space has a specific pressure and temperature, and each node has
specific element model and parameters. As a result, the pressure distributions, the pressure
difference on building structures, and the leakage dataset can be obtained.

In this study, the design condition was set as the simulation condition. The ambient
air temperature was —17 °C, and the indoor temperature was 20 °C. The parameters and
simplified settings were obtained from architectural drawings, manuals, and standards.
The wind pressure distribution was obtained from a CFD simulation with PHOENICS
2019 software. Furthermore, the effect of HVAC was not available in case building. No
vent system or air system operates in winter. The measurements of pressure difference
distributions at elevator doors were collected to validate the model, as shown in Figure 6.

| Simulation value
| Measurement value

il

= Neutral Pressure Level
(NPL)

1

Height (Floor)

Ground

I 5 T * I * T 4 T % T R I % 1
—-40 -30 -20 —-10 O 10 20 30 40
Pressure difference at elevator doors (Pa)

Figure 6. Comparison of simulation and measurement of pressure difference distributions at
elevator doors.

As shown in Figure 6, the simulated pressure differences of CONTAMW and actual
measured pressure differences are reasonably consistent. The increases in the pressure
difference at the 1st, 2nd, and 20th floors are because there are large openings or opened
entrance doors on the envelope, which can cause a significant increase in the equivalent
leakage area of the envelope. According to Equations (3) and (6), the percentage of the
pressure difference on the envelope is therefore decreasing. Since the APgr across the floor
is constant, more of the pressure difference is transferred to the elevator doors. Reducing
the leakage area of openings in envelopes may be one of workable countermeasures for
case building.

2.2.3. Fractional-Factorial Design of Countermeasures

The purpose of Fractional-Factorial design (FFD) is to obtain more accurate multiple
regression equations of infiltration and pressure difference. There is no guarantee that the
data used for multiple regression contain enough overall information because they are
often chosen at random. FFD is designed to select orthogonal array data, guaranteeing that
the data have enough overall information for the regression and obtaining a regression
equation with a higher level of accuracy.

A two-level FFD was adopted, and the cases were constructed using orthogonal arrays.
The two levels contain the low level (—1) and the high level (+1). The low level indicates
the building structure parameters remain unchanged, and the high level indicates the
parameters have been optimized with countermeasures. Table 1 shows the candidate
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countermeasures, numbered from A to H for case building. The low level is the initial state,
and the high level is the target state of countermeasure. The levels of each measure were
determined or calculated from architectural drawings, standards [44], and literature [1,4,33].
In Table 1, A was adding passenger elevator vestibules on first and second floors. B, C, and
D were improving tightness of stair doors, elevator doors, and passenger elevator vestibule
doors on all floors, respectively. E was reducing the leakage area of openings, including
entrance doors, orifices at the top of shafts, and door-holes on 20th floor of roughcast. F
was improving tightness of building envelope. G was passenger elevator shaft cooling. H
was room pressurization for the office areas above the NPL.

Table 1. The settings of countermeasures.

Level
Factors
(Countermeasures) Low Level High Level
-1 (+1)
Adding passenger elevator vestibule .
A (1st ang I2)r1c1 ﬂo%r) Not applied 576 "
B Tightness of stair door 269 @ ¢ 128 & ¢ d
C Tightness of elevator door 492 & ¢ 242 % ¢
D Tightness of elevator vestibule door 576 ¢ 274 % ¢
Entrance door
496 ¢ 28 & ¢
E Leakage area of opening g:fflltg door) (Revolving door)
10,000 & ¢ 4000 ¢
Door-hole
Not applied 380 ¢
F Tightness of envelope 8.51 0 f 345 f
G Elevator shaft cooling 20°C 13°Cd
H Room pressurization 0m3/h 2000 (m3/h)/floor &4
(above NPL) (Not applied)  (Fresh air system)

2 cm? /item@10Pa (EqLA); ® cm?/m?@10Pa (EqLA); © ASHRAE [4]; 4 Khoukhi et al. [33];  Lim et al. [1]; f GB/T
7106-2008 [44].

A 2%P FFD was adopted, where the d was equal to 8 and the p was equal to 2. That
indicated only a quarter of all 256 possible combinations were going to be conducted. In this
FFD, there is no main effect or two-factor interaction that was aliased with any other main
effect or two-factor interaction, but some two-factor interactions were aliased with three-
factor interactions. Some interesting three-factor interactions were intentionally designed
to avoid being aliased with other important effects; the others, and the four-factor or higher
interactions, were negligible according to the sparsity of effects principle [23]. Combinations
of countermeasures using orthogonal arrays were created in the MINITAB 18 software [45].
The factors were the countermeasures in Table 1, and the responses indicated the total
infiltration flow rate or pressure difference on each target. The 64 combinations were
modeled using the CONTAMW simulation to obtain the responding values. The ultimate
goal was to develop credible regression models for predicting the total infiltration flow rate
and the pressure difference.

The results of the FFD were evaluated by variance analysis (ANOVA). The p-value of
F-test, which is used for testing the significance of the main effect and interaction effect,
proving that at least one item is significant, can prove that the regression model is valid. The
t-value and the p-value of t-test are used for testing the significance of individual regression
coefficients. The confidence level in our study is set at 0.05, i.e., regression coefficients with
p-value less than 0.05 are considered significant. The coefficient of multiple determination
(R?), adjusted R? (RZde), prediction R? (Rzp,g), and an unbiased estimator of o (S) are
used for evaluating the performance of the regression model. The residual (e) is used for
checking the validity of the regression model by estimating whether the observation errors
are normally and independently distributed. For further details, please refer to Ref. [23].
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The regression models were used to summarize the results of the simulation. A regression
model containing interactions is an equation of the form:

d i1 d 2 d-1 d
J=Po+ Y Bixi+ ), Y, Bixixi+ ). Y. Y. Bijrxixix (12)
i-1 i=1 j=it1 i=1 j=it1k=j+1

where 7 is the fitted value of the responding; s are the least squares estimators of the
regression coefficients.

2.2.4. Multi-Criteria Model and Decision-Making

The variables that were calculated as responding y in FFD are the technical criteria.
The total infiltration flowrate indicates the energy efficiency potential of the building. The
maximum pressure difference at elevator doors indicates the performance improvement
capability because most stack effect problems occur at the elevator doors.

The costs indicate the realistic constraints of countermeasures. In this study, the
analysis is based on a typical design condition and aims at making comparisons between
the performances and investments of countermeasure combinations in principle. Thus,
the costs only contain investment costs. The costs were obtained from dealers and ex-
perts. The implementation resistance in this study only indicates the attitude towards
countermeasures. The implementation resistance was obtained from the judgment matrix
of an AHP.

The next step was to obtain the weights of the four criteria: total infiltration flowrate
(TF), maximum pressure difference at elevator doors (MP), total costs (TC), and imple-
mentation resistance (IR). Since there were few cases for reference, the weights were also
obtained from the judgment matrix of another AHP. Eventually, the weights of TF, MP, TC,
and IR were set at 0.319, 0.066, 0.420, and 0.195, respectively.

The TOPSIS method can evaluate the relative merits of countermeasure combinations
under multi-criteria. The four criteria, TF, MP, TC, and IR, all minimize setup. For a better
visible display, the values of each criterion needed to be converted into a maximized setup,
using Equation (13):

;i = MAX(9) — Jij (13)
where 7;; is the jth value of the ith criterion; Y is the convert result of §;;; MAX(7;;) is the
maximum value of 7;;.

For different criteria, the standards are different. It is necessary to normalize the value
of each criterion. The normalization formula is shown in Equation (14):

Yy
zjj = —
\ Lj=1Yij

where z;; is the jth normalization value of the ith criterion; m is the total number of strategies.

The criterion weights and the sets of optimum responses and worst responses have
been obtained in the above sections. It is worth noting that the sets of responses also need a
process of conversion and normalization, as expressed in Equations (15) and (16). Next, the
distances between the countermeasure combinations and the optimum and worst responses
were calculated using Equation (17).

(14)

Z+ = (Zl+122+r”' /Zi+r"' rZ'rl+) (15)

Z = (Zl_rZZ_r' tuZiog rZ'rl_) (16)

DI]‘jL = \/Z?=] w; (Zl']' — Zi+)2

(17)
Dlji = \/2?21 w; (Zij — Zl'_)z

where 7 is the total number of criteria; w; is the weight of ith criterion.
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The closeness of each countermeasure combination to the ideal solution was calculated
using Equation (18). The Cr ; is the decision-making index of the jth countermeasure com-
bination. The closer the Cr; is to 1, the higher the evaluation score for the countermeasure
combination. The ranking of the indexes is the recommendation ranking of combinations.

Crj=—=—"t—r (18)

3. Results
3.1. Interactions between Countermeasures
3.1.1. Interactions to the Total Infiltration

Based on the ANOVA results, the significant interactions with the total infiltration
were sifted. All significant main effects and interactions are shown in Figure 7. The full
ANOVA results are listed in Table Al. For instance, A (italic) presents the main effect
of countermeasure A (regular), and AC (italic) presents the interaction effect between
countermeasures A (regular) and C (regular). Figure 7 is a Pareto effect plot, where the
value of each effect is the absolute value of the t-value of the t-test; the red line represents
the critical value of the t-values at the confidence level of 0.05, i.e., the t-value of an effect
greater than the critical value (p-value less than 0.05) is considered significant. Limited by
space, insignificant effects are not shown in Figure 7. As can be seen from Figure 7, the main
effect factors A—H were all demonstrated to be significant. Therein, the factors A-G have a
positive effect, which means that the countermeasures A-G result in a decrease in the total
infiltration. While the factor H has a negative effect and the measure H, room pressurization,
is detrimental to the infiltration reduction, as discussed in Section 2.1.4, the infiltration
increases ineluctably with a large quantity of air pumped into the building interior. In
addition, some studies [1] draw the opposite conclusion with their experimental buildings.
This inconsistency is likely caused by the difference in building volumes. Buildings with a
larger volume usually endure a higher level of total infiltration flowrate, and the amount
of reduction achieved using the room pressurization measure can offset the pumping. In
this study, the case building has a comparatively small volume, and the existing fresh air
system is rated at 3000 (m3/h)/floor. Therefore, the room pressurization measure using the
existing HVAC system allows emergency operations to be carried out only in cases where
the stack effect is severe.

2.0
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O Negative

A: Adding passenger elevator vestibule
(1Ist and 2nd floor)

Effects

: Tightness of stair door

¢ Tightness of elevator door
. Tightness of elevator vestibule door

: Tightness of envelope

B
c
D
E: Leakage area of opening
F;
G: Elevator shaft cooling
H

: Room pressurization

L T L 1 L T L
50 100 150 200 250
Standardized 7-value

Figure 7. The total infiltration: Pareto effect plot.

There are up to 16 two-factor interactions in the regression result. Therein, 12 interactions
are positive, and merely four interactions are negative. All the negative effects are also
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attributable to factor H, room pressurization. Meanwhile, there are 10 positive interac-
tions that have a synergy of synergistic, which means that the combinations contained in
these 10 interactions produce advantages in reducing total infiltration. Two three-factor
interactions were found to be significant and to have a positive effect.

Furthermore, we noticed that factor F, which improves the tightness of the build-
ing envelope, has the highest appearance frequency and produces the most interaction
with other factors except G. Countermeasure G, shaft cooling, works on the principle of
reducing the temperature difference between interior and exterior to approximately mini-
mize the vertical APy on each floor. Other measures, including F, work on the principle
of changing horizontal pressure distribution and increasing resistance. Theoretically, no
significant interaction exists between G and others. Thus, the interaction DG mentioned
above presents the interaction effect of ABC actually according to the designed generator
DG = ABC in FFD. This kind of alias is inevitable in FFD but has very limited impact on
final results. Nevertheless, the analysis of each interaction is necessary to avoid confusion
in decision-making.

3.1.2. Interactions with the Pressure Difference at Elevator Doors

All significant main effects and interactions of the pressure difference at the first-floor
elevator door are as shown in Figure 8. The full ANOVA results are listed in Table A2.
For the pressure difference at the first-floor elevator door, the main effect factors were all
demonstrated to be significant. The factors B and C have a negative effect. The principle of
countermeasure C, improving the tightness of elevator doors, is easy to express according
to Equations (10) and (11). The implementation of measure B, improving the tightness
of stair doors, causes an indirect impact in that more air is forced to stack in front of
elevator doors when the tightness of stair doors is improved because the elevator shafts and
stairwells are the only vertical paths in the building interior. There were also 15 two-factor
interactions that were demonstrated to be significant. The factors A and F show a higher
appearance frequency in positive interactions. The combination of countermeasures B and
C would likely be the least rational strategy because the interaction BC is both negative
and synergistic.
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Cg ::3 F: Tightness of envelope
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Figure 8. The maximum pressure difference at 1st floor elevator doors: Pareto effect plot.

All significant main effects and interactions of the pressure difference at the 21st floor
elevator door are shown in Figure 9. The full ANOVA results are listed in Table A3. The
main effect of factor E is unimportant. The countermeasure E, reducing the leakage area of
openings, contains a term for reducing the leakage area of entrance doors, which has an
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effect on the first floor. While compared with the first floor, measure E has no direct impact
on the horizontal distribution of pressure difference on the top floor. There were nine two-
factor interactions that were demonstrated to be significant. As well as the first floor, the
two-factor interactions containing factors B and C are all negative. It needs to be emphasized
that the interaction factor DG presents itself instead of ABC. Three-factor interactions were
found to be significant and beneficial. Although the three-factor interactions all contain C,
the other factors have enough positive effects to offset the negative effect.
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Figure 9. The maximum pressure difference at 21st floor elevator doors: Pareto effect plot.

3.2. Effect of Countermeasure Combinations
3.2.1. Effect of Countermeasure Combinations on the Total Infiltration

Usually, for discrete variables with two levels, the equation is written as a branch
structure. For a better visual display, the regression model was expressed in uncoded units,
as Equation (19):

Orp = 9.739 — 0.245A — 0.446B — 0.315C — 0.672D
—0.152E — 1.216F — 0.209G + 2.494H + 0.086AC
—0.054AD + 0.031AE + 0.066AF — 0.042BD
+0.109BF + 0.041BH + 0.105CD + 0.041CE + 0.105CF
+0.034CH + 0.213DF + 0.045ABC + 0.093DH
+0.038EF — 0.259FH — 0.031ACF — 0.042CDF

(19)

where J7r is the regression value of the responding total infiltration flowrate for the entire
building, kg/s. A—H are effect factor variables, which have two values of +1 and —1. For
instance, in the combination AC, A, and C have a value of +1, and the rest of the main
effect factor variables (B, D, E, F, G, and H) have a value of —1. Furthermore, there is
AC = (+1) x (+1), AD = (+1) x (—1),and BD = (—1) x (—1).

This regression model has better fit and better predictive reliability. As shown in
Figure 10, the regression values are very close to the simulation values of 64 experimental
combinations, with a maximum difference of 2.65%. Compared with the sum values of
countermeasures, the regression values containing interactions are more accurate. As
shown in Figure 11, the regression values have better proximities to simulation values than
the sum of measures in the significant combinations, while in the unsignificant combina-
tions, the regression values remain accurate but have no remarkable superiority. Since
portions of the interactions have been proven significant in countermeasure combinations,
this regression model is more realistic for practical application.
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Figure 10. The total infiltration: the contrasts of simulation and regression values.
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Figure 11. The total infiltration: the contrasts of regression and sum values.

Based on the results of the regression model, all combinations were listed, and the
effects on total infiltration were calculated. As shown in Figure 12, the candidate combi-
nations are arranged in order from the highest reducing level to the lowest, and the alias
factors are repaired. There are 45 combinations of not exceeding three measures that have
a reducing effect on total infiltration. The highest reduction appears to be 45.3% due to
the combination of BDF, i.e., improving the tightness of stair doors and passenger elevator
vestibule doors, and the building envelope. In addition, the combinations ADF, CDEF, and
BCF also present a reducing level exceeding 40%. F, improving the tightness of the building
envelope, has the highest rank among single-measure combinations and shows the highest
appearance frequency in front-rank combinations. Furthermore, BD, AD, CD, BC, D, C,
and B also show higher appearance frequencies, indicating the outstanding emphasis of
their effects on reducing total infiltration.

In theory, the optimum strategy containing all positive measures has a limit reduction
level of 57.7%. Obviously, the limit level is hindered by the increasing antagonistic effect.
Meanwhile, the rapid increase in costs indicates that the strategies containing more than
three measures are unpractical.



Buildings 2023, 13, 653

15 of 22

13
Total infiltration O= Original

124 ., —10%  —20% —30% ) .
—_ | Total <-10% -20% -30% —40% >=40% 100% level
d = =
E" 114 45 5 13 8 15 4
et 1 |-Measure  2-Measures  3-Measures —10% level
= 104
S |7 21 17
= —20% level
- 94
—
T &l ~30% level
= ]
S 7 4—40% level

-1 0

=

6-

5 R 0N BUp ol BRI B N Rl N L NSRRI Al R el B ed I Rl Bl e B ]

BEEG POREBORABRIRLERS 2-0BEARKR CRET2EIRERY9Y ag<=o o
@<od OF O<a < o < PaTFI PR << F
Combination

Figure 12. The candidate combinations for reducing total infiltration.

3.2.2. Effect of Countermeasure Combinations on the Maximum Pressure Difference at
Elevator Doors

The regression models of the pressure difference at the first and twenty-first floor
elevator doors were also expressed in uncoded units as Equations (20) and (21), respectively.
The maximum pressure difference at elevator doors, MAX APg;r, refers to the larger value
between pressure differences at elevator doors on the first and top floors and is expressed
as Equation (22).

Jmps = 18.264 — 9.070A + 0.480B + 5.092C — 1.220D
—1.408F — 4.898F — 1.842G — 2.045H — 1.205AC
—1.717AD + 0.783AE + 3.067AF + 0.848AG
+0.945AH + 0.345BC — 0.745BG — 0.348CD
—0.752CF — 0.427CG — 0.511CH + 0.673DF
+0.370FG — 0.620FH

(20)

Jmpr = 8.614 —0.339A + 0.517B + 3.598C — 2.833D
—3.108F — 0.867G — 1.698H +- 0.227BC — 1.005CD
—1.205CF — 0.345CG — 0.708CH + 1.295DF (21)
+0.286DG + 0.555DH — 0.458FH + 0.417CDF
+0.202CDH — 0.211CFH

Imp = MAX (9up. g, I, ) 22

where 7yp r and Jap,+ are the regression values of the responding pressure difference at
the first and twenty-first floor elevator doors, respectively, Pa; §jsp is the regression value
of the responding MAX APy, Pa; and A-H are effect factor variables.

As shown in Figure 13, the regression values are in accord with the simulation values
of 64 experimental combinations, and most of the difference is within 5%. As with the
regression model of total infiltration, the regression values of MAX APgg containing
interactions are more accurate than the sum values and have better proximities to simulation
values in the significant combinations, as shown in Figure 14.

All combinations were listed, and the effects on MAX APg; g were calculated. As
shown in Figure 15, the candidate combinations below the 25 Pa limit are also arranged in
an order from the highest reducing level to the lowest, and the alias factors are repaired.
There are 27 combinations of not exceeding three measures that present the reducing effect
on MAX APgrg. The highest reduction appears to be 89.8% due to the combination ADF,
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i.e., adding passenger elevator vestibules on the first and second floors, improving the
tightness of elevator vestibule doors, and improving the building envelope. Meanwhile,
the combinations ADH, AD, and ADE also present a reducing level exceeding 80%. Since
the most MAX APg; take value from the first floor due to the existence of a lobby, several
entrances, a large envelope area, and few interior partitions, measure A, adding passenger
elevator vestibules on the first and second floors, shows the highest appearance frequency
in all front-rank combinations. The measure D, improving the tightness of elevator vestibule
doors, is a concomitant variable to the measure A. Furthermore, E, F, G, and H also show
higher appearance frequencies.
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Figure 13. The maximum pressure difference at elevator doors: the contrast of simulation and
regression values.
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Figure 14. The maximum pressure difference at elevator doors: the contrasts of the regression and
sum values.

3.3. Decision-Making of Countermeasure Combinations to Stack Effect

The weighted TOPSIS was used to determine the most appropriate countermeasure
for the target building. The decision-making indexes of all combinations containing no
more than three measures were ranked. The combinations in the top twenty are listed
in Table 2.
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Figure 15. The candidate combinations for reducing maximum pressure difference at elevator doors.

Table 2. The decision-making indexes of countermeasure combinations (top twenty).

Top Ten Eleventh to Twentieth
Combination Index Ranking Combination Index Ranking
AD 0.811 1 DE 0.703 11
ADE 0.772 2 AE 0.696 12
AB 0.754 3 ACE 0.692 13
BD 0.740 4 CD 0.686 14
AC 0.730 5 B 0.680 15
DG 0.720 6 BG 0.676 16
D 0.718 7 AEG 0.670 17
BDE 0.717 8 BC 0.668 18
A 0.717 9 BE 0.666 19
AG 0.707 10 CDE 0.661 20

The indexes in Table 2 indicate a comprehensive evaluation containing TF, MP, TC,
and IR. The first ranking is combination AD, i.e., adding passenger elevator vestibules
on the first and second floors and improving the tightness of elevator vestibule doors,
which also gets good grades in the effect analysis above. The second is combination ADE, a
cooperative of AD and measure E, which reduces the leakage area of openings. The third
and fourth rankings are AB and BD, which are combinations of measures A, D, and B. B
is improving the tightness of stair doors. Obviously, measures A, B, and D are the most
appealing in case building. Otherwise, measure F, which improves the tightness of the
building envelope and had absolutely outstanding performance in previous analyses, has
not even once appeared in this ranking because of its excessive investment and workload.
While F is a common measure in renovation and retrofit, it is a feasible measure that takes
AD, BD, or other measures as a concomitant of improving the envelope tightness to achieve
larger energy savings if needed.

This ranking is not merely a decision-making index. The final strategy needs to be
considered in three and four dimensions to correspond to the occupants’” demands and
the building’s reality. To facilitate understanding, the sets of criteria for TC and IR were
divided into two levels, “low” and “high”, using each median. The index and four criteria
were integrated into one figure, Figure 16.

As shown in Figure 13, the decision-making index, the total infiltration flowrate (TF)
reducing level, and MAX APg; g (MP) are along the x, y, and z-axis, respectively. The levels
of TC and IR are distinguished by different colors. The combination AD has the highest
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index value, a superior performance on reducing infiltration and pressure difference, a low
investment cost, and good implementation resistance. If a higher energy savings level is
required, the ADE will be promoted, but at the cost of more investment. Another way is
to take BD, but the price is the exceeding pressure difference during freezing days. The
combinations AB and AC are also good choices, ignoring the mediocre performance of
energy savings. All the strategies have their upsides and downsides; this figure can provide
theoretical support for the final decision-making.
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Figure 16. The multilateral comparison of decision-making.

4. Discussion

The results of this study may vary depending on the building’s characteristics and the
occupants” demands, but the lessons learned from the analysis can be generalized for other
cases. The methodology proposed here can be applied to similar retrofit or commissioning
projects. The researchers can base their final decision-making on the index and ranking
and select the highest-ranked countermeasure as the chosen strategy, or they can provide a
quantitative basis for final decision-making when demand changes. There are several key
steps worth highlighting in the use of the multi-criteria decision-making model:

(1) This multi-criteria decision-making approach can be extended to other buildings in
other regions because the main methods used in the model, such as FFD and TOPSIS,
are basic and generic;

(2) It is not required to utilize FFD to reduce the number of experiments when fewer
countermeasure combinations are available; DOE can be used to obtain more compre-
hensive results;

(3) Criteria are not fixed, especially subjective constraints such as investment cost and
implementation resistance, and can be adjusted or replaced as necessary;

(4) Even with a guide for the index and ranking, the final decision-making requires multi-
ple considerations to correspond to the occupants” demands and the building’s reality.

5. Conclusions

The following conclusions were drawn by analyzing the results of the FFD and the
multi-criteria model:

1.  Significant interactions between countermeasures are proved to exist and are un-
neglectable in calculating the effects of combinations. There are forty two-factor and
five three-factor significant interactions in total. Interactions produce positive or
negative effects and present synergistic or antagonistic relationships between counter-
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measures. Analyzing interactions exactly can improve the accuracy of the regression
model and help avoid confusion in decision-making.

2. The two-level FFD is an effective method to obtain the coefficients of a regression
model containing interaction effects. These regression models are very precise for
fitting the results of simulation experiments and predicting the effects of candidate
combinations. The regression of total infiltration has a maximum difference of 2.65%,
and the maximum pressure difference has most of the difference within 5%.

3. The countermeasure combinations are good at mitigating the stack effect. The highest
infiltration reduction appears to be 45.3% in this case, due to the combination of
improving the tightness of stair doors, elevator vestibule doors, and the envelope.
And the highest pressure difference reduction appears to be 89.8% due to the retrofit
of the first-floor vestibule, all vestibule doors, and the envelope.

4. The multi-criteria model using the TOPSIS method can give each countermeasure
combination a comprehensive index. The model can determine the most appropriate
countermeasure combinations and abandon the bad and unrealistic ones. The multi-
lateral comparison of the index with four criteria can provide the theoretical support
required for decision-making.

5. The ideal solution to mitigating the stack effect in the case building is the combina-
tion of adding passenger elevator vestibules on the lobby floors and improving the
tightness of elevator vestibule doors on all floors, which can reduce infiltration and
pressure difference by 26.88% and 87.58%, respectively, with low-level investment
costs and implementation resistance.

The multi-criteria decision-making is proposed to fill the research gap on the practical
applicability of countermeasure combinations and to provide guidance for comprehen-
sive evaluation and final decision-making. The ranking of countermeasure combinations
for the final decision-making index is calculated by assigning weights and conducting
comprehensive analysis on four criteria: infiltration energy loss, maximum pressure differ-
ence, investment cost, and implementation resistance. The researchers can base their final
decision-making on the index and ranking and select the highest-ranked countermeasure
as the chosen strategy, or they can provide a quantitative basis for final decision-making
when demand changes.

This study concentrated on analyzing the performance of the countermeasures. Mean-
while, some behavior measures, such as the elevator zone control and entrance open
scheme, likely have the benefit of mitigating the stack effect. Furthermore, analyses of the
airtightness of structures and the architectural floor layout with variants of the positioning
of vertical shafts can also be further optimized. Finally, the analysis in this study based
on the typical design condition is static. A 3D dynamic analysis throughout the whole
heating season is certainly more accurate and practical. In further work, a dynamic analysis
including more countermeasures should be carried out, and the design of the FFD should
be further optimized.
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Appendix A

Table Al. The significant main effects and interactions with the total infiltration.

Main Effect Interaction
Term Effect t-Value p-Value Direction ? Term Effect t-Value p-Value Direction ? Synergy ?
A —0.490 —21.40 0.000 P AC 0.172 7.50 0.000 P S
B —0.891 —38.90 0.000 P AD —0.108 —470 0.000 P A
C —0.631 —27.52 0.000 P AE 0.063 273 0.010 P S
D —1.344 —58.65 0.000 P AF 0.131 5.72 0.000 P S
E —0.303 —13.23 0.000 P BD —0.084 —3.67 0.001 P A
F —2.432 —106.15 0.000 P BF 0.217 9.47 0.000 P S
G —0419 —1827 0.000 P BH 0.082 3.58 0.001 N S
H 4.988 217.69 0.000 N CD 0.209 9.12 0.000 P S
CE 0.081 3.53 0.001 P S
CF 0.210 9.16 0.000 P S
CH 0.069 2.99 0.005 N S
DF 0.427 18.61 0.000 r S
DG 0.090 3.92 0.000 P S
DH 0.186 8.12 0.000 N S
EF 0.076 3.33 0.002 P S
FH —0.519 —22.64 0.000 N A
ACF —0.062 —-2.71 0.010 P A
CDF —0.083 —3.63 0.001 P A
2 P: positive. N: negative. The responding variable’s decreasing direction is the positive direction. ® S: synergistic.
A: antagonistic.
Table A2. The significant main effects and interactions of the pressure difference at elevator door (1st floor).
Main Effect Interaction
Term Effect t-Value p-Value Direction ? Term Effect t-Value p-Value Direction ? Synergy b
A —18.141 —66.59 0.000 P AC —2.409 —8.84 0.000 P A
B 0.959 3.52 0.001 N AD —3.434 —12.61 0.000 P A
C 10.184 37.39 0.000 N AE 1.566 5.75 0.000 P S
D —2.441 —8.96 0.000 P AF 6.134 22.52 0.000 P S
E —2.816 —10.34 0.000 P AG 1.697 6.23 0.000 P S
F -9.797 —35.96 0.000 P AH 1.891 6.94 0.000 P S
G —3.684 —13.53 0.000 P BC 0.691 2.54 0.015 N S
H —4.091 —15.02 0.000 P BG —1.491 —5.47 0.000 P A
CD —0.697 —2.56 0.014 N A
CF —1.503 —5.52 0.000 N A
CG —0.853 -3.13 0.003 N A
CH —1.022 -3.75 0.001 N A
DF 1.347 4.94 0.000 P S
FG 0.741 2.72 0.010 P S
FH —1.241 —4.55 0.000 P A
2 P: positive. N: negative. The responding variable’s decreasing direction is the positive direction. ® S: synergistic.
A: antagonistic.
Table A3. The significant main effects and interactions of the pressure difference at elevator door (21st floor).
Main Effect Interaction
Term Effect t-Value p-Value Direction ? Term Effect t-Value p-Value Direction 2 Synergy P
A —0.678 -5.98 0.000 P BC 0.453 4.00 0.000 N S
B 1.034 9.12 0.000 N CD —2.009 -17.72 0.000 N A
C 7.197 63.48 0.000 N CF —2.409 —21.25 0.000 N A
D —5.666 —49.97 0.000 P CG —0.691 —6.09 0.000 N A
F —6.216 —54.82 0.000 P CH —1416 —12.49 0.000 N A
G —1.734 —15.30 0.000 P DF 2.591 22.85 0.000 P S
H —3.397 —29.96 0.000 P DG 0.572 5.04 0.000 P S
DH 1.109 9.78 0.000 P S
FH —0.916 —8.08 0.000 P A
CDF 0.834 7.36 0.000 P S
CDH 0.403 3.56 0.001 P S
CFH —0.422 —-3.72 0.001 P A

2 P: positive. N: negative. The responding variable’s decreasing direction is the positive direction. ® S: synergistic.
A: antagonistic.
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