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Abstract: In indoor spaces without mechanical ventilation systems, a common approach involves
using a ceiling-mounted 4-way fan coil unit (4WFCU) to regulate indoor temperature and placing
floor-level air purifiers (APs) to remove indoor pollutants. This study introduces a differentiated
displacement ventilation system (DVS) that connects multiple APs to the 4WFCU using ductwork.
The age of air was compared between the case where the newly designed DVS was implemented and
the reference case where 4WFCU and APs operated independently. When there were no obstacles in
the office central area, the reference system exhibited a lower age of air. Conversely, when obstacles
such as desks and partitions were present in the central area, the proposed DVS was found to
improve indoor air quality. The DVS resulted in minimal interference among pathlines of the air
discharged from multiple floor-level APs and their efficient suction through the ceiling-mounted
4WFCU and diffusers, significantly reducing stagnant air zones, while pathlines of the air discharged
from the 4WFCU and APs interfered significantly when they operated independently, leading to
larger stagnant areas in the air distribution. Therefore, modifying office spaces with ceiling-mounted
4WFCUs using the proposed DVS is anticipated to substantially enhance indoor air quality through a
straightforward installation process.

Keywords: displacement ventilation; age of air; indoor air quality; air purifier; 4-way fan coil unit

1. Introduction

Most modern individuals spend more time indoors than outdoors [1]. Various harmful
substances that can threaten human health may exist indoors. The major harmful substances
existing indoors include CO, CO2, SO2, NO2, VOCs, fine particulate matter, etc. [2–6].
Indoor pollutants mainly originate from incoming outdoor air or are generated from
materials within the indoor environment, and the concentration of indoor pollutants varies
significantly depending on the ventilation level [7]. Prolonged exposure to these indoor
pollutants can worsen health and reduce productivity [8]. If exposed for an extended period
to colorless, odorless pollutants in spaces with inadequate ventilation, gas poisoning or
even fatal consequences can occur [4]. The fine particulate matter suspended in indoor air
can enter the lungs and bloodstream upon inhalation, potentially leading to cardiovascular
and respiratory diseases [6]. Therefore, indoor air quality management is crucial, and it
can be achieved by various methods of ventilation. In the absence of an indoor ventilation
system, it is possible to improve indoor air quality by establishing appropriate strategies
for natural ventilation or using air purifiers [9]. When a building has a ventilation system
installed, enhancing indoor air quality can be further optimized by complementing the
ventilation system with natural ventilation or air purifiers [10,11].

On the other hand, many countries mandate the installation of mechanical ventilation
systems in new buildings [12]. Mechanical ventilation systems are devices designed to
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improve indoor air quality in buildings by supplying fresh outdoor air and exhausting
contaminated indoor air, and their primary purpose is to dilute indoor pollutants. There
are different types of mechanical ventilation systems based on the location of supply and
exhaust points, such as stratum ventilation (SV), displacement ventilation (DV), mixing
ventilation (MV), hybrid air distribution (HAD), etc. Among these, MV and DV systems
have been extensively studied by various researchers for a long time.

MV is a ventilation method that supplies fresh outdoor air into indoor spaces to en-
sure thorough mixing with indoor air, thereby reducing indoor pollutant concentrations.
Sandberg et al. [13] conducted an experimental study on office spaces equipped with an
MV system, and they found that when supply inlet and exhaust outlet were placed to-
gether on each of the two opposite walls of the office, indoor air exchange occurred rapidly.
Lee and Awbi [14] conducted a study on MV using laboratory-scale chambers, and they
reported that placing both supply inlet and exhaust outlet on the ceiling was more ad-
vantageous for indoor air exchange in indoor spaces with partitions. Kong et al. [15]
conducted a study comparing the ventilation efficiency between MV with supply inlet
and exhaust outlet on the ceiling and SV with supply inlet on the side walls and ex-
haust outlet on the ceiling, and they noted that the ventilation efficiency between these
two systems could vary according to the indoor environment. Krajčík et al. [16] investigated
the differences in indoor air quality based on the location of supply inlet and exhaust outlet
in a laboratory-scale chamber with an MV system, and they concluded that placing supply
inlet and exhaust outlet according to the spatial characteristics can significantly enhance
indoor air quality.

While MV primarily aims to effectively mix indoor air to dilute pollutants, DV focuses
on exhausting pollutants to the outside by utilizing the displacement between supply
inlet and exhaust outlet within the space. DV is recognized for its excellent ventilation
performance in environments where there is a high concentration of occupants or in situa-
tions where human activity is minimal [17]. Awbi and Gan [18] evaluated the ventilation
performance of a DV system applied to empty spaces through numerical analysis, and
they found that placing supply inlet at the bottom of the side wall and exhaust outlet at
the top of the same wall increased ventilation efficiency. Lee and Lam [19] conducted a
numerical study on spaces with DV, and they noted that the placement of supply inlet at the
bottom of the side wall and exhaust outlet on the ceiling could lead to different temperature
distributions depending on the space height. Lee et al. [20] set up a simple office space with
DV by placing supply inlet on the floor or side wall and exhaust outlet on the ceiling, and
they observed differences in ventilation efficiency based on the space height. Wei et al. [21]
and Wang et al. [22] conducted research in factories equipped with DV to reduce pollutant
concentrations, and they reported that effective reduction of pollutant concentrations in the
factory could be achieved by placing supply inlet on the side walls and exhaust outlet on
the ceiling. Liu et al. [23] performed a study on the improvement of indoor air quality in
aircraft cabins by adjusting the ventilation rates of both DV and MV, and they found that
applying equal ventilation rates to DV and MV resulted in the highest ventilation efficiency.
Berlanga et al. [24] conducted research on airborne infection isolation rooms with DV, and
they suggested that effectively utilizing the DV method could potentially replace existing
room ventilation systems.

Moreover, numerous studies have not only evaluated the individual characteristics of
MV and DV methods but have also compared the ventilation efficiency between MV and
DV. Qiu-Wang and Zhen [25] conducted research in a laboratory-scale space simulating
an office environment. They compared the ventilation efficiency between MV, where both
supply inlet and exhaust outlet were placed on the ceiling, and DV, where the supply inlet
was positioned on the side floor and the exhaust outlet was on the ceiling. They concluded
that DV outperformed MV in terms of ventilation efficiency. He et al. [26] conducted an
analysis of pollutant exposure levels for occupants in a simulated office space, and they
found that MV resulted in the highest pollutant exposure for occupants while DV had
the least exposure, among the ventilation methods tested. In a simulated office space,
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Tian et al. [27] compared the ventilation efficiency between MV, DV, and SV, and they found
that DV exhibited the highest ventilation efficiency while MV had the lowest. Liu et al. [28]
compared the ventilation efficiency between MV and DV in a simulated office space, and
they concluded that DV was superior to MV in terms of indoor air quality improvement
and pollutant exhaust capability.

Many studies have been conducted on MV and DV, and both methods have been
reported to significantly contribute to improving indoor air quality. In particular, DV is
known as an effective ventilation method for efficiently removing indoor pollutants and
has been widely adopted not only in typical indoor spaces but also in environments such
as factories and aircraft. Research on DV has primarily focused on evaluating ventilation
efficiency based on the placement of supply inlet and exhaust outlet, and these studies
have mostly been conducted in empty spaces or laboratory-scale settings with simple
structures. However, there is a lack of research conducted in real-world settings, and there
have been few comparisons with other types of ventilation devices, such as air purifiers
(APs). Differing from conventional DV systems, this study introduces a novel displacement
ventilation system (DVS) that connects an air conditioning unit installed on the ceiling
with AP units installed on the floor. The DVS was implemented and tested in an actual
office setting. This study aimed to assess the effectiveness of the newly designed DVS in
enhancing indoor air quality by comparing the age of air between the case where the newly
designed DVS was implemented and the reference case where an air conditioning unit and
APs operated independently.

2. Materials and Methods

2.1. Description of Office

Figure 1a illustrates an overview of the newly designed DVS in this study. To control
the indoor air temperature, a 4-way fan coil unit (4WFCU) was mounted on the ceiling. The
central suction inlet of the 4WFCU and multiple diffusers installed on the ceiling served as
ventilation outlets (VO). The air drawn in by the 4WFCU was mixed with the air drawn in
through the diffusers after temperature control. The temperature of the mixed air, which
was essentially the air reintroduced into the indoor space, was regulated by adjusting the
ratio of the air intake between the 4WFCU and the diffusers using dampers. Multiple APs
were placed near the walls on the floor and utilized as ventilation inlets (VI). Each AP was
equipped with a HEPA filter. As a result, the air drawn from the office space through the
4WFCU and diffusers on the ceiling underwent temperature control and was reintroduced
into the office space after passing through the APs positioned on the floor.

Figure 1b depicts the typical airflow when the 4WFCU and APs are used independently
in an office space. It served as the control group for comparison with the DVS designed
in this study. The 4WFCU installed on the ceiling drew in indoor air through its central
section, regulated its temperature, and then expelled it back into the indoor space through
four outlets around its perimeter. Each AP placed near the walls on the floor drew in air
from the side, filtered it through a HEPA filter, and then released it into the indoor space
through the top of the unit. It is worth noting that the APs shown in Figure 1a were placed
upside down and modified in appearance to connect to ductwork, as compared to the
conventional APs depicted in Figure 1b.

Figure 2a is a photograph showing the office space where the DVS was installed.
Zone 1 is a tea-making room with minimal furniture. Zone 2 is a narrow corridor. Zone 3
is the office space containing desks, chairs, and partitions. Figure 2b,c illustrates the
schematics of the office space with the newly designed DVS in this study. One 4WFCU was
positioned in the center of the ceiling of Zone 3. Zone 1 featured four diffusers and one AP,
Zone 2 had two diffusers and one AP, and Zone 3 utilized four diffusers and two APs. The
air drawn from the office space using the 4WFCU and ten diffusers mounted on the ceiling
was mixed in appropriate proportions, temperature-controlled, and then reintroduced into
the office space from the outlets of four APs located on the floor. All the used ducts were
well insulated.
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Figure 2. Office equipped with the DVS devised in this study (• age-of-air measurement location,
∆ air temperature measurement location): (a) photo; (b) isometric view; (c) plane view.

Figure 3a,b illustrates the schematics of the office space considered as the control
group. In this setup, one 4WFCU and four APs operated independently without any
interconnection, and diffusers were not utilized. The configuration, dimensions, and
furniture arrangement in the control group experiment room shown in Figure 3 were
identical to those in the office space with the DVS depicted in Figure 2, except for the
ventilation method applied differently. The ventilation rates applied to the office spaces
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in both Figures 2 and 3 were set to a maximum of 2160 m3/h, which equates to 7.2 air
changes per hour relative to the capacity of the empty office space. For reference, according
to ASHRAE standards, the required ventilation rate for offices is 5 ft3/h per person [29].
In the case of 10 occupants in the experimental space, the required ventilation rate was
approximately 100 m3/h per person. The minimum ventilation rate set in this study, which
was 432 m3/h, satisfactorily met the ASHRAE criteria.
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2.2. Numerical Method

To model the air flow and the age of air within the office space, the commercial CFD
software, ANSYS FLUENT Release 18.0, was employed. The flow was assumed to be steady,
turbulent, incompressible, and three-dimensional. For turbulence analysis, the standard k-ε
turbulence model was utilized [30–33]. The governing equations for flow analysis are as
follows [34].
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Mass conservation equation:

∂ρ

∂t
+∇·

(
ρ
→
u
)
= 0 (1)

Momentum conservation equation:
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(
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→
u
)
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→
u
→
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Transport equation for k (standard k-ε model):
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]
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Transport equation for ε (standard k-ε model):
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u
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[(
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)
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]
+ C1ε

ε

κ
(Gκ + C3εGb)− C2ερ

ε2

κ
(4)

The equations governing the analysis of the age of air, when employing user defined
scalar (UDS) in conjunction with flow analysis, are as outlined in references [35–37].

∂

∂xi
ρuiΦ −

.
J

∂Φ
∂xi

= ρ (5)

.
J = −(ρDm + ρDt)

∂Φ
∂xi

(6)

Here, ρ represents air density, ui denotes air velocity, and Φ represents the age of
air. The diffusion term, j, is determined by both molecular diffusivity, Dm, and turbulent
diffusivity, Dt. The total ventilation rate was set to the lowest value of 432 m3/h or the
highest value of 2160 m3/h. The flow rates for each supply inlet or exhaust outlet were
determined by dividing the total ventilation rate by the number of supply inlets or exhaust
outlets. The indoor pressure was set to 101.3 kPa, and the office temperature was adjusted
to 22 ◦C or 27 ◦C. For boundary conditions in flow simulation, a no-slip condition was
applied to every indoor wall, a velocity inlet condition was set for every ventilation inlet,
and a pressure outlet condition was applied to every ventilation outlet. Convergence
was considered achieved when the residuals for all solved equations were below 10−4.
Since brand-new HEPA filters were used in the experiments, the zero value for the age of
air was applied to all outlets of the APs by assuming nearly 100% removal efficiency of
the HEPA filters. Tetrahedral grids were used for the mesh system, with grids near the
supply inlets and exhaust outlets being denser. A grid independence test was conducted by
increasing the total number of grids from approximately 5 million to 23 million, resulting
in approximately 10 million grids used, as shown in Figure 4, to observe the distribution of
the age of air.
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2.3. Experimental Method

The experiments were conducted in the respective offices, as shown in Figures 2 and 3.
The total ventilation rates were set to a minimum of 432 m3/h or a maximum of 2160 m3/h.
The indoor temperature was set at 22 ◦C or 27 ◦C during the experiments. The cases in
which the experiments were conducted are listed in Table 1.

Table 1. Cases for experiment and simulation.

Case Type of Ventilation System Total Ventilation Rate (m3/h) Temperature Setting (◦C)

1
Displacement ventilation system

(shown in Figure 2)

432 22
2 432 27
3 2160 22
4 2160 27

5 4-way fan coil unit and air purifiers
operated independently (shown in

Figure 3)

432 22
6 432 27
7 2160 22
8 2160 27

Time-resolved particle concentrations in the air were measured at five locations (I, II,
III, IV, V) indicated in Figures 2c and 3b using a total of five optical particle counters (OPC;
Model 1.108, GRIMM, Ainring, Bayern, Germany), which determine the number and size
of the particles by detecting the intensity of light scattered by each particle passing through
the optical system. The operating flow rate for each OPC was 1.2 L/min, and its impact
on indoor airflow was considered negligible. To simulate the scenario of people sitting
on chairs and breathing in the office, sampling probes for aerosol intake were vertically
installed at a height of 1.1 m from the office floor.

To select the particles for the experiments, consideration was given to the increased
public interest in virus transmission in indoor spaces following the recent COVID-19
pandemic and the fact that particles measuring 5 µm or smaller in size are known to
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have the potential for airborne transmission. In particular, particles generated during
human respiration are known to peak in the range of 0.2 to 0.5 µm [38]. Therefore, in this
study, particles were generated through incense burning because the particles generated
by incense burning are known to be mostly smaller than 5 µm with a peak in the range of
0.09 to 0.2 µm [39,40]. Due to the generation of not only particles but also VOCs through
incense burning, which could potentially affect the removal efficiency of HEPA filters,
activated carbon filters were used in conjunction with HEPA filters to complement this
problem [41,42].

The experimental procedure was as follows [35–37].

- Keep all doors and windows open, enabling outdoor air to enter the office, while
turning off the ventilation system (90 min).

- Seal all doors and windows, initiate particle generation by burning incense, and
activate fans for even distribution of particles throughout the indoor space (20 min).

- Deactivate the fans and establish a stable indoor airflow (20 min).
- Activate the ventilation system and establish a stable indoor airflow (10 min).
- Maintain a constant ventilation rate for more than 60 min.

Figure 5 provides an example of the temporal variation of particle concentration
measured utilizing OPCs. It shows the particle concentration variation at Point I while the
ventilation system was operating under stable indoor airflow conditions after stabilizing
the indoor airflow in Case 1 and Case 5 conditions, with a constant ventilation rate. Because
of the ventilation system operation, indoor air was expelled and particle-free air was
introduced, resulting in an exponential decay in particle number concentration. While
variations existed in the rate of reduction depending on the experimental conditions and
measurement locations, the particle concentration decreased exponentially in all cases.
Therefore, the experimental method was used to compute the age of air utilizing the
following equation [35–37].

CP(t) = A exp
(
− t

τ

)
+ y0 (7)Sustainability 2024, 16, x FOR PEER REVIEW 10 of 18 
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Here, A represents the initial particle concentration during the period when the
ventilation system maintains a constant flow rate, t is time, y0 represents the asymptotic
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value of particle concentration after an extended period, and τ denotes the age of air
determined through the curve fitting of the experimental data. In addition, at three locations
labeled as T1, T2, and T3 in Figures 2 and 3, the air temperatures were measured using
T-type thermocouples suspended at different heights (3.0 m, 2.2 m, and 1.1 m above the
floor). The ventilation rate was confirmed by measuring the velocity of air discharged from
the exhaust of each air purifier and ventilation system using a velocimeter (Model AMI310,
KIMO, Montpon, Dordogne, France).

3. Results and Discussion

Figures 6a and 6b, respectively, show the age of air in the office with the DVS system
designed in this study (refer to Figure 2) and the reference office with a conventional
4WFCU and APs operated independently (refer to Figure 3). These figures illustrate a
comparison between simulation and experimental results regarding the age of air at various
locations I–V. The age of air differed depending on the measurement location. A lower age
of air indicates better air quality at the respective location. At the positions of I in Zone 1
and II in Zone 2, where there were no significant obstacles in the relatively empty spaces,
the reference office exhibited a lower age of air compared to the office with the DVS. On
the other hand, when there were factors such as desks or partitions obstructing the airflow
in the central area (i.e., at positions III–V in Zone 3), it was observed that the office with the
DVS generally exhibited a lower age of air compared to the reference office. These results
are attributed to the fact that when the degree of airflow interference is minimal, indoor
pollutants are expelled more rapidly, resulting in a lower age of air. Further analysis will
be conducted in the following section through a more detailed examination of age of air
contours and flow pathline comparisons. On the other hand, in the office with the DVS
installed, differences in the age of air based on location appeared relatively small, while in
the reference office, differences in the age of air based on location were relatively significant.
Therefore, it is considered that the DVS designed in this study is more advantageous in
achieving a more uniform spatial distribution of indoor air quality. For both Case 1 and
Case 5, the age of air predicted by the simulation closely matched that determined through
experimentation at all measurement points. The results for all cases (Cases 1–8) comparing
the age of air at five locations (I–V) between experimentation and simulation, including
those presented in Figure 6, are displayed in Figure 7, where the average values of the
age of air, in the case of experimental results, were used for each location obtained from
three measurements at each position. Overall, the deviation between the simulated and
experimental age of air results is within ±10%, indicating high accuracy in the prediction of
the age of air using the simulation method employed in this study. Furthermore, Figure 8
compares the air temperature profiles at three designated locations (T1, T2, and T3) between
experiments and simulations, for each space in the office with the DVS system (Case 1) and
the reference office (Case 5). In all cases, the air temperature gradually rose from the floor
to the ceiling, similar to the results of previous studies [43–45]. This is attributed to the
buoyancy effect, where relatively warmer air rises upward due to its lower density while
relatively cooler air sinks downward due to its higher density. The measured values from
experiments closely matched the predicted results from simulations. These comparisons of
the age of air and temperature confirmed the validity of the data analysis conducted using
the simulation method employed in this study.
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Figure 9 shows the age of air contours at an elevation of 1.1 m from the office floor
for a ventilation rate of 432 m3/h. In Figure 9a,b, the indoor temperature settings were
22 ◦C (Case 1) and 27 ◦C (Case 2), respectively, for the office with the DVS system, where
4WFCU, APs, and diffusers were connected by ducts. On the other hand, Figure 9c,d
represent the age of air under the same conditions for the reference office with 4WFCU and
APs operated independently, where the indoor temperature settings were 22 ◦C (Case 5)
and 27 ◦C (Case 6), respectively. First, when comparing Case 1 and Case 2, the age of air
distributions in the two cases were similar, but in Case 2, localized regions with a slightly
higher age of air were formed. In Case 1, the indoor air temperature and the temperature
of the air supplied from the VI were determined as 22 ◦C and 33 ◦C, respectively, whereas
in Case 2, these temperatures were determined as 27 ◦C and 35 ◦C, respectively. In Case
1, the temperature difference (i.e., buoyancy difference) between the indoor air and the
air supplied from the VI on the floor was greater than in Case 2. This resulted in the air
supplied from the VI rising more rapidly due to the larger buoyancy difference, leading
to a more active air circulation. Consequently, at the indoor temperature setting of 22 ◦C,
the age of air was slightly lower in Case 1 than in Case 2. Next, when comparing Case 5
and Case 6, it is observed that the age of air distributions was similar, but Case 6 formed a
slightly higher age of air than Case 5. In both cases, the office had a 4WFCU installed on
the ceiling, from which warm air was discharged. In situations where the air discharged
from the 4WFCU was at a higher temperature, due to a lower density, the discharged air
did not effectively descend to the lower part of the office, resulting in a wider stagnant air
zone. Therefore, Case 6, with an indoor temperature setting of 27 ◦C, exhibited a higher
age of air compared to Case 5, with a setting of 22 ◦C. Consequently, even when the total
ventilation rate increased to 2160 m3/h, as shown in Figure 10, the trend of the age of
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air with respect to indoor temperature settings remained the same. Therefore, within the
considered range of ventilation rates, it was confirmed that both offices, whether equipped
with the DVS system or the reference setup, showed improved indoor air quality with
an indoor temperature setting of 22 ◦C rather than 27 ◦C. From these results, it can be
concluded that setting the indoor temperature lower, to the extent that thermal comfort
is not significantly compromised, can be helpful in improving indoor air quality to some
extent. Lowering the indoor temperature setting is also considered a beneficial way to
conserve energy.

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 18 
 

Figure 9 shows the age of air contours at an elevation of 1.1 m from the office floor 
for a ventilation rate of 432 m3/h. In Figure 9a,b, the indoor temperature settings were 
22 °C (Case 1) and 27 °C (Case 2), respectively, for the office with the DVS system, where 
4WFCU, APs, and diffusers were connected by ducts. On the other hand, Figure 9c,d rep-
resent the age of air under the same conditions for the reference office with 4WFCU and 
APs operated independently, where the indoor temperature settings were 22 °C (Case 5) 
and 27 °C (Case 6), respectively. First, when comparing Case 1 and Case 2, the age of air 
distributions in the two cases were similar, but in Case 2, localized regions with a slightly 
higher age of air were formed. In Case 1, the indoor air temperature and the temperature 
of the air supplied from the VI were determined as 22 °C and 33 °C, respectively, whereas 
in Case 2, these temperatures were determined as 27 °C and 35 °C, respectively. In Case 1, 
the temperature difference (i.e., buoyancy difference) between the indoor air and the air 
supplied from the VI on the floor was greater than in Case 2. This resulted in the air sup-
plied from the VI rising more rapidly due to the larger buoyancy difference, leading to a 
more active air circulation. Consequently, at the indoor temperature setting of 22 °C, the 
age of air was slightly lower in Case 1 than in Case 2. Next, when comparing Case 5 and 
Case 6, it is observed that the age of air distributions was similar, but Case 6 formed a 
slightly higher age of air than Case 5. In both cases, the office had a 4WFCU installed on 
the ceiling, from which warm air was discharged. In situations where the air discharged 
from the 4WFCU was at a higher temperature, due to a lower density, the discharged air 
did not effectively descend to the lower part of the office, resulting in a wider stagnant air 
zone. Therefore, Case 6, with an indoor temperature setting of 27 °C, exhibited a higher 
age of air compared to Case 5, with a setting of 22 °C. Consequently, even when the total 
ventilation rate increased to 2160 m3/h, as shown in Figure 10, the trend of the age of air 
with respect to indoor temperature settings remained the same. Therefore, within the con-
sidered range of ventilation rates, it was confirmed that both offices, whether equipped 
with the DVS system or the reference setup, showed improved indoor air quality with an 
indoor temperature setting of 22 °C rather than 27 °C. From these results, it can be con-
cluded that setting the indoor temperature lower, to the extent that thermal comfort is not 
significantly compromised, can be helpful in improving indoor air quality to some extent. 
Lowering the indoor temperature setting is also considered a beneficial way to conserve 
energy. 

  
(a) (b) 

  
(c) (d) 

Figure 9. Contour of the age of air at 1.1 m height (ventilation rate 432 m3/h): (a) Case 1—office with 
DVS with temperature setting of 22 °C; (b) Case 2—office with DVS with temperature setting of 
27 °C; (c) Case 5—reference office with temperature setting of 22 °C; (d) Case 6—reference office 
with temperature setting of 27 °C. 
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temperature setting of 27 ◦C.
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27 ◦C; (c) Case 7—reference office with temperature setting of 22 ◦C; (d) Case 8—reference office with
temperature setting of 27 ◦C.

On the other hand, when comparing the age of air based on the ventilation system
(i.e., comparing Figure 9a,c; Figure 9b,d; Figure 10a,c; Figure 10b,d), two main features can
be observed. Firstly, in Zone 1, the central space was mostly empty without any significant
obstacles to hinder the airflow, and there was no 4WFCU installed on the ceiling. Therefore,
in Cases 5, 6, 7, and 8, clean air supplied from a single AP could circulate freely and
extensively in Zone 1, whereas in Cases 1, 2, 3, and 4, the air discharged from the APs on
the floor was dispersed and sucked through four diffusers installed on the ceiling, resulting
in a somewhat more complex flow pattern and a relatively wider distribution of stagnant
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air zones. This aligns with previous research findings of Oh [46] and Choi and Kang [47],
indicating that the interference between air currents intensifies as air currents become more
pronounced in a space, potentially causing particles to recirculate or linger in specific zones.
For these reasons, it was determined that the age of air in Zone 1 was slightly lower in the
reference office compared to the DVS-equipped office. Secondly, in the center of Zone 3,
there were multiple office furniture items, such as two office desks and partitions, which
constituted obstacles to the airflow, and there was a 4WFCU installed on the ceiling along
with two APs on the floor. In contrast to Zone 1, Zone 3 showed a lower age of air in
the DVS-equipped office compared to the reference office. In spaces where ventilation is
taking place, it is crucial for the discharged air currents to be effectively drawn into exhaust
outlets. However, when there are obstacles within the space, the air flow may not be
smooth, potentially becoming a hindrance to improving air quality [48,49]. To more clearly
explain this, the pathlines of the discharged air flows for both the DVS-equipped office
and the reference office at a ventilation rate of 2160 m3/h are shown in Figures 11 and 12,
respectively. As shown in Figure 11, in the DVS-equipped office, the flows discharged
from the two APs on the floor in Zone 3 did not significantly interfere with each other
while being sucked through the 4WFCU and diffusers on the ceiling, resulting in smooth
localized ventilation. Consequently, the stagnant air zones decreased, leading to a lower
age of air. In contrast, as shown in Figure 12 for the reference office, significant interference
was observed among the flows discharged from the two air purifiers on the floor and the
4WFCU on the ceiling. This interference disrupted the flow pattern, causing less efficient
air circulation, larger stagnant air zones, and a higher age of air in the reference office. From
these findings, it can be inferred that, instead of independently operating multiple APs
on the floor and 4WFCU installed on the ceiling, connecting them through ductwork to
convert them into the DVS designed in this study can significantly contribute to improving
indoor air quality.
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4. Conclusions

This study suggested a new-type of displacement ventilation system, where floor-
level APs served as VI and a single 4WFCU installed in the ceiling, along with multiple
diffusers, acted as VO. Indoor air quality was experimentally and numerically compared
between the cases where the proposed DVS was implemented and the cases where the
4WFCU and APs operated independently as a reference. Both DVS and reference cases
showed a slightly lower average age of air when the indoor temperature setting was
22 ◦C compared to 27 ◦C. Thus, it is concluded that decreasing indoor temperature settings
within an appropriate range during the winter season could marginally enhance indoor air
quality. In the meantime, in spaces where there were no significant obstacles disrupting
the airflow, the reference case exhibited a lower age of air. In contrast, when obstacles
such as desks or partitions disrupted the airflow in the central area, the DVS resulted in
a lower age of air, and moreover, as the ventilation rate increased, the extent of indoor
air quality improvement became more significant. In particular, when the ventilation rate
was 2160 m3/h, the DVS case was found to lower the average age of air by approximately
35% compared to the reference case. Therefore, if there are many obstacles, such as desks,
partitions, and other elements, obstructing the indoor airflow in a space and if the 4WFCU
and APs are operating independently, it is anticipated that a straightforward modification to
the newly devised DVS can greatly enhance the indoor air quality in that particular area. In
this study, brand-new HEPA filters were used in the experiments and the same filters were
applied to all experimental cases. Therefore, any error related to the filter removal efficiency
is considered negligible in determining the age of air for each experimental case. However,
considering the degradation in filter removal efficiency over time, further research will be
needed to investigate the impact of filter removal efficiency changes on the performance of
the suggested DVS system in improving indoor air quality. In the future, it is essential to
investigate the impact of DVS on indoor air quality when the 4WFCU operates as an air
conditioner for cooling during the summer season or a blower without temperature control.
Considering various cases of indoor space structures and furniture arrangements, a study
on the optimal placement of 4WFCU and APs is also deemed necessary. Furthermore, an
economic analysis and energy efficiency evaluation of the proposed DVS, in comparison
with the existing ventilation methods, are required in future studies.
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