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Abstract: This study investigated the ventilation efficiency and energy performance of three venti-
lation strategies—an all-air system (AAS), a radiant panel system with a displacement ventilation
system (DPS), and a radiant panel system with a decentralized ventilation system (DVS). The research
analyzed the indoor air quality (IAQ) in a high-rise building based on the building’s height, the
air handling unit (AHU) location, air infiltration rate, outdoor air pollution rate, seasonal change,
and air filter efficiency. The results indicated that the AAS had the best performance in terms of
IAQ in the high-rise building in winter; however, the AAS also had the highest annual energy
demand. For the same conditions, the DVS consumed less energy but had the worst performance in
maintaining a satisfactory IAQ. Considering energy consumption, it is worth developing the DVS
further to improve ventilation performance. By applying a double-filter system on the lower floors
in a high-rise building, the DVS’s ventilation performance was dramatically improved while at the
same time consuming less energy than the original DPS and AAS. The application of DVS can also
minimize the negative effect of the infiltration rate on indoor air quality (IAQ) in a building, which
means that the DVS can better maintain IAQ within a healthy range for a more extended period.
Moreover, it was found that the DVS still had a substantial potential for saving energy during the
season when the outdoor air was relatively clean. Hence, it is highly recommended that the DVS is
used in high-rise buildings.

Keywords: decentralized ventilation system; centralized ventilation; indoor air quality; high-rise
building; infiltration; air filter efficiency

1. Introduction

Particulate matter (PM) is the term used to describe the mixture of solid particles and
liquid droplets found in the air. In the last decade, the PM issue has been highlighted
as a top priority in China due to its extreme harm to the health of human beings. Many
investigations of elevated outdoor concentrations of PM have found positive correlations
with a range of adverse health effects—from increased respiratory and cardiovascular
morbidity to mortality [1–7]. As introduced by the World Health Organization (WHO),
a decrease of 2.5 µg/m3 in the annual average level of PM2.5 would cause a 3.5% reduction
in all-cause mortality [2]. People currently spend most of their time indoors, yet the outdoor
particles can easily infiltrate into buildings through ventilation systems or leakage areas
in the building’s envelope. Fine and ultra-fine PM particles are the most hazardous to
human health [7], and they also have the highest chance of entering the indoor environment
through the building envelope via the infiltrating air [8]. As a result, many occupants are
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still exposed to high levels of particles of outdoor origin, even though they are indoors.
Therefore, controlling the ingress of PM particles, whilst providing an excellent indoor air
quality environment, is crucial to protecting human health.

In order to achieve certified Indoor Air Quality (IAQ) in buildings, a centralized
ventilation system (CVS) is widely used, since it can efficiently reduce the concentration
of indoor pollutants. Previous studies indicated that the air pollutant indoor/outdoor
ratio would be dramatically reduced in mechanically ventilated buildings [9–16]. How-
ever, the indoor pollutant concentration can still go beyond the limits suggested by the
WHO standard, China and the USA’s National Ambient Air Quality Standard (NAAQS),
especially in urban areas. Two strategies, including increasing the air change rate and
installing the high-efficiency air filter, were often used to develop the CVS’s ventilation
performance to further improve IAQ in the building [13,17–24]. Although these methods
can efficiently improve IAQ in the building, they consume a significant amount of energy
annually [25–28].

In comparison, a decentralized ventilation system could reduce the energy demand
since it has a separate air inlet and outlet on each floor in a building, leading to shorter
ductwork and smaller pressure drops [25–30]. Thus, a decentralized ventilation system
would be expected to consume less fan energy than the CVS in a high-rise building, due
to the lower pressure drops in the ductwork. However, little information is available for
comparing the performance of controlling indoor air quality between these two ventilation
strategies. In this study, two widely used CVS were chosen to compare with the DVS,
including the all-air system (AAS) and radiant panel system with a displacement ventilation
system (DPS). Moreover, the decentralized ventilation system is usually connected with
a radiant panel system to reduce ventilation energy consumption [26,31]. Hence, a radiant
panel system with a decentralized ventilation system was selected for the comparison
study in this research. Furthermore, the air handling unit (AHU) is commonly located in
the basement in some centralized ventilated buildings, while others are located on the top
floor. Thus, these two AHU locations were also considered in this study since different
air inlet locations could impact the IAQ in the building. The detailed schematic of the
three selected ventilation systems with different AHU locations is presented in Figure 1.
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Figure 1. Schematic of the three selected ventilation systems.

This study focuses on investigating the energy efficiency of different ventilation
system strategies to maintain IAQ in a high-rise building in China. The number of high-rise
buildings in China has dramatically increased in recent decades, with around 86% of
Chinese office buildings being over 100m high [32]. This contributes to a desire for a better
understanding of how outdoor air pollutants impact the IAQ in tall buildings. Previous
studies reported that the outdoor pollutants’ concentration significantly varied depending
on the building height [33–41]. Accordingly, the IAQ on each floor of a high-rise building
can be expected to be different due to the varying outdoor air quality. However, little
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research has been conducted to explore the interaction between ventilation efficiency and
the energy performance of ventilation systems in high-rise buildings.

Suzhou is a major city located in the southeast of Jiangsu Province, China, and it is
typical of the industrialized cities developed over recent decades. With this development,
the number of high-rise buildings in the city has rapidly increased since the beginning
of the 21st century [32]. At the same time, the quality of the outdoor air in Suzhou has
deteriorated [42]. According to statistics issued by the Meteorological Bureau of China,
the hourly average concentration of outdoor particles could reach around 290 µg/m3 [39].
Consequently, buildings in Suzhou face a big challenge in achieving good IAQ. Hence,
Suzhou was selected as the target city in this study.

This study aims to investigate the ventilation efficiency and energy performance
of three ventilation strategies in controlling IAQ, considering factors related to seasonal
climatic changes, the height of the building, AHU location, outdoor air quality, air filter
efficiency, and air infiltration rate. To this end, two research questions have been defined:

(1) Which system has the better performance in controlling IAQ in a high-rise building?
(2) Which system is more efficient in terms of improving IAQ in a high-rise building

while also saving energy?

2. Methodology

The following sections specify the methods used to compare the indoor PM removal
efficiency between the AAS, DPS, and DVS. The analyzing process was divided into
four steps: (1) Size the cross-sectional duct area and determine the pressure drops in the
ductworks, based on the European standard EN 13779; (2) Calculate the energy demand
of the three selected ventilation systems, based on the designed air supply ductworks;
(3) Estimate the indoor particles levels, based on online collected data and numerical
simulation results; (4) Compare the ventilation efficiency and energy performance of the
three ventilation systems.

2.1. The Modelled Office Building

A case study of single-breathing zone model, in a modelled office building, was
developed. In this study, each breathing zone’s footprint plan area was 275.56 m2, and for
a typical floor height of 3.3 m, the volume of each breathing zone was 918 m3. The building
was 30 floors high (about 100m in total). Moreover, the maximum number of occupants in
each breathing zone was 30. This study assumed that the ventilation rate’s default value
was 8.5 liter/second/person [43], which was equal to 1.0 air change per hour (ACH) in
each breathing zone. Furthermore, a 3.0 ACH ventilation rate was set for the AAS in winter
and summer to provide enough heating and cooling load.

2.2. Weather Characteristics of Suzhou

Suzhou’s hourly average outdoor air dry-bulb temperatures in 2019 are presented in
Figure 2 [44]. It can be seen that the outdoor air temperature varied from −10 ◦C to 40 ◦C.
Further, the outdoor average dry-bulb temperature was 14 ◦C, 30 ◦C, 17 ◦C and 4 ◦C in
spring, summer, autumn, and winter, respectively. Based on the ASHRAE Standard 55 [45],
the indoor air temperature was set at 24 ◦C, 23 ◦C, 24 ◦C and 25 ◦C over the four seasons to
achieve the indoor thermal comfort. Then, it was assumed that the return air temperature
was 2 ◦C higher than the indoor air temperature. Accordingly, the heat recovery unit
(HRU) could be used in winter in the AAS, considering the significant difference between
the exhaust air temperature and outdoor air temperature. Moreover, since the outdoor
temperature decreases by around 0.6 ◦C for each 100 m increase in height, it was assumed
that the outdoor temperature did not change with the building height [46].
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2.3. Indoor Thermal Comfort and Thermal Ventilation Energy

To achieve indoor thermal comfort, the target supply air temperature and the max-
imum humidity ratio were 15 ◦C and 8 g/kg [45]. However, the outdoor air should be
chilled to 12 ◦C and 8 g/kg, at first, for the hot and humid season, and then reheated
to 15 ◦C and 8 g/kg to prevent the draughts [45]. For the swing season, the target air
temperature was set at 15 ◦C. Further, the thermal ventilation load can be calculated based
on the difference between the target air temperature and ambient weather. For ventilation
heating capacity, Qh is:

Qh = ma × Cpa × (Tsa − Toa) (1)

where Qh is the air capacity in kJ/h, ma is the mass flow rate of the air in kg/h, Cpa is the
specific heat of the air in kJ/kg◦C, Tsa and Toa are the supply and outdoor air temperature
in ◦C. In winter, Tsa should be replaced by the mixed air temperature, T, for the AAS since
70% of the exhaust air will be reused to save energy. T can be determined as:

ma × T = mo × To + mr × Tr (2)

where mo and mr are the mass flow rates of outdoor air and return air in kg/h, and To and
Tr are the outdoor air temperature and return air in ◦C. Moreover, the ventilation cooling
load, Qc, (capacity and latent), can be determined by calculating the enthalpy difference
between the ambient air and supply air condition, presented as:

Qc = ma × (haa − hsa) (3)

where Qc is the cooling capacity in kJ/h, and haa and hsa are the enthalpy values of the
outdoor air and supply air in kJ/kg. Furthermore, the total ventilation cooling load, which
also includes a reheating load as mentioned above, can be determined as:

Qrh = ma × Cpa × (Tsa − Tca) (4)

where Qrh is the reheating load in kJ/h, Tsa and Tca are chilled and dehumidified air
temperature in ◦C. Additionally, the ventilation load also includes fan and pump energy.
The equation can be determined as [26,47,48]:

Fan(Pump) power (W) = (V × ∆P)/(3600 × η) (5)

where V is the volume flow rate of air/ water in m3/h, ∆P is the total pressure rise in Pa, η
is the efficiency of the fan and pump.
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2.4. Estimating the Pressure Drop in the Ventilation System

This study assumed that all three ventilation systems were low-pressure systems [49].
Outdoor air would account for 100% of the total supplied air treated in the AHU in all
three systems in spring, summer and autumn. Only 30% of the total supplied air will be
treated in the AHU in the AAS in winter. Accordingly, as an AHU model box, the face
velocity was assumed to be equal to 2.5 m/s consistently [50]. Moreover, for general offices,
the maximum air velocity in the main ducts, branch, and run-outs is 7.5, 6.0, and 3.5 m/s,
respectively [46]. Hence, the required size of the duct cross-sectional area in the different
parts of ductwork can be determined as [50]:

Across =
qv,req

v
(6)

where Across is the cross-sectional area of the duct in m2, qv,req is the total required supply
airflow rate in m3/s, and v is the air velocity in m/s. This study assumed that rectangular
ducts were used in the main ducts, and circular ducts were used in the final branches [46].
Figures 3 and 4 display the ductwork installation in the building applied with the CVS and
DVS. Further, the total pressure rise by the fan can be calculated based on the determined
size of the ducts and fittings, and the equation is given by [50]:

∆P = 0.5 × ξ× ρ × v2 (7)

where ξ is the pressure loss factor, and ρ is the density of the air in kg/m3.
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Moreover, the water system will deliver the energy to cover the heating and cooling
load in all three systems, thus the pump system is required to balance the water pressure
loss in ductworks. It was assumed that the water volume flow rate was constantly 2.5
L/min in all three systems, and the pressure drop in each radiant panel was 370.5 KPa [51].
The pressure drop caused by components in the AHU is an essential part of the fan energy.
The AHU contains a heating coil, cooling coil, humidifier, air filter, and silencer [49].
Further, a class H2 HRU was used in the AAS in winter to save energy [52].

The WHO [1] has reported that for every 10 µg/m3 decrease in the concentration of
PM2.5, there would be a 6% decrease in mortality risk. Other studies have also indicated
that reducing the PM2.5 concentration by 10 µg/m3 would significantly reduce the risks of
human health [53,54]. There is no evidence of a safe level of exposure or a threshold below
which no adverse health effects occur [2], which means that indoor PM2.5 level should
be kept as low as possible. To this end, four different air filters were considered in this
study: Minimum Efficiency Reporting Value rank 8 (MERV 8), MERV 10, MERV 14, and
MERV 16. Furthermore, this study assumed that the MERV 8 air filter was used as the
default filter [43]. Based on the European standard EN13779 [52], the input data for each
specific component in AHU are listed in Table 1.

Table 1. The total pressure drop for specific components in the AHU [52].

MERV 8 (Pa) MERV 10 (Pa) MERV 14 (Pa) MERV 16 (Pa)

AAS 520 570 670 770

AAS (winter with HRU) 820 870 970 1070

DPS 520 570 670 770

DVS 520 570 670 770

2.5. Estimate Indoor Particle Concentration

Many studies have shown that fine and ultra-fine particles have a higher possibility of
entering the indoor environment through ventilation systems than coarse particles, due to
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their smaller size; thus, it is harder to capture them by a conventional air filter [55,56]. It is
also easier for small particles to infiltrate and penetrate buildings than it is for coarse parti-
cles [8]. Hence, the particle that is 2.5 microns or less in diameter, PM2.5, was considered
in this research. Moreover, it was assumed that there were no particle emission sources
in the indoor environment in office buildings, and the indoor particles were uniformly
distributed in the room [57]. In addition, it was assumed that the air filter was located
in the supply airstream. Hence, based on the mass balance equation, the indoor PM2.5
concentration can be described as:

PMi,tk = PMi,tk−1
× e−L(tk−tk−1) +

(
S
L
− S

L
× e−L(tk−tk−1)

)
(8)

Here, PMin,tk is the concentration of the indoor PM concentration at time k in µg/m3,
S is the source term, L is the loss term, and tk is the ventilation system’s operation time.
Since it was assumed that there were no indoor particle emission sources in this study,
the indoor PM level was steady, equaling the ambient outdoor particle concentration [58].
Then, the source term can be expressed as:

S = PMout × qv ×
(

1 − E f

)
+ PMout × p × qi (9)

Here, PMout is the outdoor particle concentration in µg/m3, E f is the filter efficiency,
qv is the ventilation rate in h−1, p is the penetration rate of particles, whose value was
consistently set to 0.95 for PM2.5 [24], and qi is the air infiltration rate in h−1. The effi-
ciency of the involved four filters for PM2.5 in order is 0.323 (MERV 8), 0.354 (MERV 10),
0.78 (MERV 14), 0.95 (MERV 16). The default infiltration rate was set at 0.1 ACH. Further-
more, it was assumed, for simplicity, that the filter efficiency of the recirculation air was the
same as that of outdoor air. Thus, the loss term can be presented as:

L = qr × E f + qv + qi + β (10)

where qr is the recirculation rate in h−1, β is the deposition rate of the particle, whose value
is consistently 0.5 h−1 for PM2.5 [24,59].

2.6. The Daily Average Outdoor PM2.5 Level in Suzhou

Figure 5 presents the measured daily average outdoor PM2.5 concentrations in Suzhou in
2018. From the graph, the daily average outdoor PM2.5 level can be found as 15–114 µg/m3,
7–52 µg/m3, 7–150 µg/m3, 11–225 µg/m3 from spring to winter, respectively. In terms of
statistics, the 50th percentile of the daily mean outdoor PM2.5 level is 57, 20, 38, and 94 µg/m3

in spring, summer, autumn, and winter. Based on the analysis, the outdoor PM2.5 level is
highest in winter and lowest in summer, and thus it is especially necessary to maintain the
IAQ within a healthy range in winter. In this study, outdoor PM2.5 levels of 60, 20, 40, and
100 µg/m3 in spring, summer, autumn, and winter were used to investigate the seasonal
changes in the ventilation system’s performance.

2.7. Particle Concentration Vertical Profiles

Recently, the vertical particle profiles on the façades of high-rise office buildings have
been researched [33,34,36–39,60]. In general, the outdoor airborne particle concentration
decreases with height. Further, several studies indicate that the outdoor particle con-
centration shows a stronger apparent decreasing trend with height in open areas than it
does in urban areas [33,36]. Furthermore, the outdoor particle level’s vertical pattern is
influenced by factors such as atmospheric stability, ambient meteorological conditions, and
the surrounding environment [35,37–39,60,61].
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Considering both the characteristics of decentralized ventilation systems and outdoor
particles’ vertical profiles, the IAQ on each floor in a high-rise building should be different
since the outdoor particle concentration in each floor’s air inlet position varies. Thus, it is
necessary to determine the outdoor particle’s level vertical distribution profile. Liu et al. [39]
investigated the outdoor PM2.5 and PM10 vertical pattern around a 100 m height office
building in Nanjing’s urban area over four seasons. Their study reported that, at 100 m,
the averaged PM2.5 concentration decayed by 7%, 12.9%, 18.1%, and 19.7% on the urban
area over four seasons [39]. Through a literature review, their results showed a good
correlation with other research. Further, Nanjing is very close to Suzhou, and thus to apply
the results reported by Liu et al. [39] into this study for investigating the IAQ on each floor
in a high-rise building is a reasonable decision.

3. Results
3.1. The Energy Performance of Three Different Ventilation Strategies

Suzhou’s hourly average outdoor air temperatures in 2019 were used to simulate all
three systems’ yearly energy consumptions, which are presented in Figure 6. Compared
to an AAS, the DPS saves 64% of fan energy and 36% of thermal load, while it consumes
1.6 times more pump energy, which leads to a total energy saving of around 41%. The
DVS saves 90% and 36% of fan energy and thermal load, while it demands 1.8 times more
pump energy, leading to a total energy saving of nearly 47% compared with an AAS. This
is because the AAS requires a large ventilation rate (3.0 ACH) to supply enough heating
and cooling capacity in winter and summer, which causes a significant pressure loss in
ductworks, and more energy is required to treat the supply air. Furthermore, applying
the DVS in a high-rise building could dramatically save fan load, since the shortest air
distribution passages lead to a minimal pressure drop [26,31].

Due to the contaminated outdoor air, four different quality levels of air filters were
considered to control IAQ in the building. Figure 7 displays the fan energy in all three
systems when equipped with different air filters. It can be seen that the fan energy of
DPS and DVS is kept constant in each season since the ventilation rate and supplied air
temperature is stable. In comparison, the fan load of AAS is different in different seasons.
It is higher in summer and winter since the additional supplied air is required to provide
the heating and cooling capacity. Further, the fan load is highest in winter due to the HRU
used, which causes an extra pressure drop, while the thermal load is reduced by 80%.
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Based on results, HRU could significantly reduce the energy used for conditioning the
fresh air [62–66].
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From Figure 7, in spring and autumn, the fan load demand by the DPS is higher than
the AAS since the supply flow rate reduced from 3.0 to 1.0 ACH in the AAS and causes a
decreasing pressure drop in the ductwork [52]. According to Figure 7, the fan load of DPS
and DVS increases 21.2% and 36.3% when the MERV 16 air filter replaces the MERV 8 air
filter. The fan load increases 29.7%, 14.1%, 29.7%, and 12% in the four seasons when the
MERV 16 air filter is used for the AAS. It can be seen that the DVS demanded the lowest fan
load over the four seasons among the three systems. Thus, using the DVS can effectively
save fan energy since it has the shortest ductworks [26].
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3.2. The Performance of the Ventilation System in Controlling IAQ

There are various limit values for outdoor PM2.5 concentration in different countries.
The China National ambient air quality standard, GB3095-2012 [67], sets two classes of
limit values for particular areas (e.g., National Parks) and all other areas (including urban
and industrial areas). The standard recommends that the 24 h and annual mean PM2.5
concentration cannot go beyond 35 µg/m3 and 15 µg/m3 in the two particular areas. For
the other areas, the limit value of daily and annual mean PM2.5 level is 75 µg/m3 and
35 µg/m3. In comparison, the USA has a stricter standard for the PM2.5 level. They have
defined two types of standards for air pollutants, namely primary and secondary standards.
The primary and secondary standards are aimed at protecting public health and public
welfare. The primary standards require that the daily and annual mean value of PM2.5
should not exceed 35 µg/m3 and 12 µg/m3, while the secondary standards suggest that
the 24 h and annual mean PM2.5 concentration should not be higher than 35 µg/m3 and
15 µg/m3. Since there is no evidence of a safe level for the PM, it is expected that the PM2.5
level is set as low as possible in order to protect human health [2]. Hence, in this study, the
35 µg/m3 was selected as the limit value of the daily average PM2.5 level.

3.2.1. The Influence of the AHU Location on the Ventilation Performance

As mentioned above, the different AHU locations in the centralized ventilated building
will impact the IAQ within the building due to the outdoor air pollutants’ vertical profile.
Hence, the IAQ in the building with two different AHU locations, including the basement
and the top floor, were compared. According to the simulation results, the IAQ was much
better if the AHU was located on the top floor of the building. In the default conditions (the
system equipped with a MERV 8 air filter and air infiltration rate of 0.1 ACH), the indoor
PM2.5 level in the AAS would increase by 18% and 18.6% on the ground floor and top floor,
respectively, if the AHU was located in the basement. Meanwhile, the indoor PM2.5 level
rose 11.8% and 13% on the ground floor and top floor, respectively, in the DPS. It is found
that the effect of the AHU location is more significant in the AAS in winter since the higher
ventilation rate (3.0 ACH) would bring more particles into the indoor environment. To
improve IAQ, it is recommended that the AHU is set up on the top floor of a building in a
polluted area. Thus, only this scenario is considered in the rest of this study.

3.2.2. The Seasonal Impact on Ventilation Performance among the Three Systems

As discussed above, the outdoor air quality, outdoor air pollutants vertical profile,
and the ventilation system’s operation mode can vary with the seasons, thereby impacting
a ventilation system’s performance. Thus, it is necessary to investigate the influence of
seasonal changes on the three systems’ ventilation performance. Table 2 presents all the
input parameters that were used to run the simulations. A comparison of the seasonal
impact on the ventilation performance between the three systems is shown in Figure 8.

Table 2. Input variables for investigating the impact of seasonal change on IAQ in a building.

Season PMout (µg/m3) ηa (%) qi (h−1) β (h−1) p (h−1) qr (h−1)

Spring, Summer, Autumn, Winter 60, 20, 40, 100 32.3 (MERV 8) 0.1 0.5 0.95 0.7

The DPS was best at maintaining the IAQ in the high-rise building, followed by the
DVS and AAS. Based on the simulations, the maximum and minimum indoor PM2.5 level
occurred on the ground floor and the top floor in all scenarios, due to the outdoor PM ver-
tical profiles. It was found that the AAS had the worst ventilation performance, especially
in the heating and cooling seasons. This is due to the higher ventilation rate (3.0 ACH)
and also because the recirculated air can bring more particles into the indoor environment
than the other two systems when a low-efficiency air filter is used. Moreover, it can be
seen that indoor PM2.5 levels vary more widely on different floors in the decentralized
ventilated building than the centralized building, due to the operational characteristics of
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the DVS. Further, the indoor particle level difference between the top and ground floor was
maximized in winter. It is because winter is the time of the most significant fluctuations
in the outdoor PM. The results of other studies have reported that the DVS’s ventilation
performance was highly influenced by outdoor air quality [25,26].
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under the default scenario, which the MERV 8 air filter is used, and the air infiltration rate is 0.1 ACH (the five horizontal
lines for each box represent, from bottom to top: minimum, 1st quartile, median, 3rd quartile, and maximum concentration).

3.2.3. The Impact of Air Infiltration Rate and Filter Efficiency on Ventilation Performance

Measurements show that the outdoor air in Suzhou is most contaminated during
winter [42], which means a building’s ventilation system should be able to maintain a
good IAQ in winter. Thus, only IAQ within the building throughout the winter was
simulated. Afterwards, it was applied to investigate the performance of three different
strategies. In line with suggestions made in the ASHRAE Handbook of Fundamentals [68],
four cases were chosen, namely: a well-sealed building (qi = 0.05 h−1), a standard building
(qi = 0.1 h−1), and two leaky buildings (qi = 0.2 h−1, qi = 0.3 h−1), which were used to
investigate the effect of the air infiltration rate on ventilation system performance. All input
variables shown in Table 3 were used to investigate the air filters’ impact on the ventilation
system performance. The impact of infiltration rate and air filter efficiency on IAQ in the
building in winter is shown in Figure 9.

Table 3. Input parameters for investigating the indoor PM2.5 concentration.

Season PMout (µg/m3) ηa (%) qi (h−1) β (h−1) p (h−1) qr (h−1)

Winter 100 32.3, 35.4, 78, 95 0.05, 0.1, 0.2, 0.3 0.5 0.95 0.7

Figure 9 shows that a high-efficiency air filter, MERV 14 or MERV 16, is required to
get the IAQ to meet the standard. Other studies have also reported that high-efficiency
air filters could significantly reduce indoor particle concentration [13,22,24]. It was found
that the DPS and DVS performed better in maintaining IAQ when equipped with a low-
efficiency air filter, whereas the AAS performed better if a high-efficiency air filter was used.
This is because the AAS could supply more fresh air to dilute indoor particle concentrations
than the other two systems, in winter, if a high-performance air filter was used. This result
indicates that the higher ventilation rate could significantly improve IAQ if the supplied air
is clear enough [23,68]. However, the recirculated air in the AAS may cause gas pollutants



Sustainability 2021, 13, 8453 12 of 20

to exceed the limit value, such as CO2, which would negatively impact upon human
health [23,24,69]. Based on this analysis, a MERV 14 or MERV 16 air filter is required to
maintain IAQ in a building in Suzhou.
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According to Figure 9, it can be seen that the infiltration rate could substantially
degrade the ventilation system’s performance in controlling IAQ, and this effect is more ev-
ident with the AAS and DPS than it is for the DVS. A comparison of the indoor PM2.5 levels
on the different floors of the building under different scenarios, when the air infiltration
rate increased from 0.05 to 0.3 ACH, is presented in Table 4. This shows that the infiltration
rate’s influence is more significant for a high-efficiency air filter than a low-efficiency air
filter. Further, the air infiltration rate’s impact is more evident on the ground floor than on
the top floor in a centralized ventilated building, and this is because the outdoor particle
level decreases with height. According to the simulations, the effect of the air infiltration
rate is kept constant on each floor in a decentralized ventilated building, due to the DVS’s
operational characteristics. The results indicate that the air infiltration rate is an essential
factor that impacts the ventilation system’s performance [70]. Based on the analysis, the
DVS can better control IAQ within a healthy range in a building for a more extended
period, since the system can minimize the influence of the air infiltration rate.

Table 4. The indoor PM2.5 level in a building under different scenarios when the air infiltration rate increases from 0.05 to 0.3 ACH.

Ventilation
System

Air Filter Class MERV 8 MERV 16

qi (h−1) 0.05 0.3 0.05 0.3

AAS
1st floor (µg/m3) 87.27 87.74 8.22 13.44

30th floor (µg/m3) 84.63 84.94 7.36 11.53

DPS
1st floor (µg/m3) 53.56 56.99 25.73 31.60

30th floor (µg/m3) 49.06 51.33 21.23 25.93

DVS
1st floor (µg/m3) 40.29 44.37 26.26 32.08

30th floor (µg/m3) 32.57 35.87 21.23 25.93
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As a result, it is highly recommended that a building’s airtightness performance should
be improved first [71], especially when outdoor air has deteriorated and the high-efficiency
air filter is applied. Moreover, considering energy consumption, it is suggested that the
DVS is applied in the high-rise building in order to control IAQ and supply fresh air.

3.2.4. The Comparison of the Ventilation Efficiency among the Three Systems

This study defined the energy cost of removing every unit of indoor particles (ECRIP)
as an index to represent each system’s ventilation efficiency, considering both the system’s
energy performance and ventilation performance, which can be determined from:

ECRIP =
E f an

PMoutlet − PMinlet
(11)

E f an =
V ×

(
∆Pductworks + ∆Pair f ilter

)
η × A × 3600

(12)

where ECRIP is the energy consumed by the system with different air filters to reduce
every unit of indoor particles (W/m2)/(µg/m3), E f an is the fan load based on the pressure
differential between the inlet and the outlet of the fan, considering the pressure drop caused
by the air filter and ductworks (W/m2), A is the total area that the fan served (m2), and
the PMoutlet and PMinlet is the PM2.5 level in the air before and after the air filter (µg/m3).
According to Equation (11), a higher ECRIP value means that more energy is required
by the system to remove every unit of indoor particles. A comparison of the ventilation
efficiency among the three systems considering the seasonal change, outdoor air quality
and air filter efficiency is presented in Figure 10.

Figure 10 shows that the DVS performed the best in controlling IAQ in a high-rise
building, while also saving energy. In the swing seasons, the DPS had the lowest efficiency
on maintaining IAQ; this was because the smaller volume of supply air meant a lower
pressure drop in the AAS [72]. From Figure 10, it can be seen that all three systems had their
worst performance in summer, and this was because the outdoor air was cleaner and the
air filter system was not needed. Moreover, all three systems’ total performances slightly
decreased in autumn if the MERV 16 filter was used, which indicates that the high-efficiency
air filter is not necessary when outdoor air is not highly contaminated. Accordingly, the
high-performance air filter or air filter system is not essential when outdoor air is not
highly polluted or clean, and thus there is a significant potential for energy-saving by using
the DVS. In addition, it is found that the ventilation system performs better on the top
floor than on the ground floor in a high-rise building, which indicates that the outdoor air
pollutants can negatively impact upon the ventilation efficiency.

As a result, the DVS performed the best in controlling the IAQ in a high-rise building
whilst saving energy, and it still has a large potential to save energy when the outdoor air
is not highly polluted. Additionally, the DVS could also be used in the retrofit building to
improve the IAQ and save energy [73]. The installation of the DVS has no special require-
ment of the indoor space in the retrofit building. However, the decentralized ventilation
system will cause extra installation and maintenance costs because many decentralized air
handling units would be installed in a building.

3.2.5. The Ventilation Performance in Controlling IAQ in a Building

According to statistics, the daily average outdoor PM2.5 concentration in Suzhou
varied widely from 11 to 225 µg/m3 [42]. Therefore, it is essential to investigate how many
days in a year the IAQ could be controlled within the limit value. Figure 11 presents the
variation of the daily indoor PM2.5 level in the building served by the different ventilation
systems. The detailed information about the comparison of indoor PM2.5 level in the
building, equipped with different ventilation systems, is presented in Table 5.
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Table 5. The comparison of annually mean indoor PM2.5 level in the building equipped with different
ventilation systems.

Ventilation System MERV 14 (µg/m3) MERV 16 (µg/m3)

AAS
Ground floor 24.05 11.03

Top floor 22.65 9.67

DPS
Ground floor 23.57 13.19

Top floor 21.66 11.29

DVS
Ground floor 48.44 35.61

Top floor 39.15 28.78

It can be seen that the MERV 14 air filter could be successfully employed to maintain
satisfactory indoor particle concentrations when the building used AAS and DPS, while
the MERV 16 is required in the building equipped with a DVS. Based on the simulations,
the IAQ in the building has 97.8–98.9% and 85.8–91% of days that can be controlled within
a healthy range in a building served by the AAS and DPS, respectively, during a year when
MERV 14 air filter is used. In comparison, the IAQ in a building equipped with a DVS has
38.6–99.7% of days reach the limit value in a year if MERV 16 air filter is applied. Based
on the analysis, the daily average indoor PM2.5 concentration on the ground floor does
not satisfy the standard’s requirement [1]. Thus, the extra air filter could be considered
as an efficient strategy to improve IAQ on the lower floors in a decentralized, ventilated
building [24].

According to Figure 11, the daily mean indoor PM2.5 level varied most widely in
the building which used the DPS rather than the other two systems. The results indicate
that outdoor air particles would significantly degrade the IAQ through the infiltrating
air, and the default ventilation rate (1.0 ACH) cannot sufficiently dilute indoor particles
when outdoor air is polluted. However, the DVS could minimize the infiltrating air’s
impact compared to the other two systems in the same conditions. Moreover, it is found
that IAQ on the top floor is significantly better than on the ground floor in a building
because the indoor air quality is adjusted by the decentralized ventilation units on each
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floor. The results show a good agreement with previous research, contending that the DVS’
ventilation performance is influenced by outdoor air quality [25,26].
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In comparing the three strategies, the DVS has the worst performance in controlling
IAQ in the same conditions. The reason is that the outdoor air quality highly impacts
the DVS due to its operational characteristics with an individual air inlet on each floor.
However, considering energy consumption and minimizing the infiltrating air’s impact, it
is worth developing the DVS further to improve its ventilation performance.

3.3. Improving the System’s Ventilation and Energy Performance

As analyzed, the indoor PM2.5 levels on the lower floors in a decentralized ventilated
building do not reach the recommended limit value. Thus, further development is required.
Ruan and Rim [23] indicated that a double air filter system (combined AHU filter and
outdoor air (OA) filter system) could significantly dilute the indoor particle level. Hence,
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a double-filter system was applied to the decentralized ventilated building to control the
indoor particle level. Based on the analysis, the indoor PM2.5 concentration between the
20th and 30th floors met the standard with the AHU filter only. Therefore, an extra OA
filter, a MERV 8 air filter, was applied from the 1st to the 20th floors. Afterwards, the annual
mean indoor PM2.5 level on the 1st floor decayed to 34.4 µg/m3, reaching the standard. As
mentioned above, the HRU could significantly reduce the thermal ventilation load when
applied in the AAS, and it is therefore expected that it can be used to save energy further
if it is applied to the DPS and DVS. Accordingly, five scenarios were chosen to compare
the system’s energy performance when the IAQ in a building had been controlled within a
healthy range, and the detailed information is shown in Table 6.

Table 6. Comparison of each system’s energy performance between the five scenarios.

Scenario System Filter Configurations OA Filter AHU Filter HRU

A AAS Single filter system - MERV 14 Y

B DPS Single filter system - MERV 14 N

C DPS Single filter system - MERV 14 Y

D DVS Double filter system MERV 8 MERV 16 N

E DVS Double filter system MERV 8 MERV 16 Y

Hint 1. ‘Y’ and ‘N’ means the system equipped or do not equip the HRU, respectively.

Based on the simulation, the thermal load in winter reduced by 93% in scenarios C
and E compared with scenarios B and D, if the HRU was used. However, an extra 22.9%
and 29.2% of the fan load was required in scenarios C and E, which led to a total decrease
of 69.6% and 79.3% in energy consumption in winter in scenarios C and E. Thus, it can be
seen that the HRU is an efficient strategy to save energy in Suzhou. Furthermore, currently,
the temperature difference between exhaust and outdoor air could be over 10 ◦C during
summer daytimes, with potential global warming effects. Therefore, using the HRU during
these specific periods may further improve its coefficient of performance.

Afterwards, each system’s total performance under different scenarios was simulated,
and the results are listed in Table 7, where it can be seen that scenario D performed the
best in controlling IAQ whilst saving energy, with a demand of 0.021–0.023 W/m2 for
diluting every unit of the indoor particle concentration in the high-rise building. However,
scenario C provides the best IAQ in a building, where the indoor PM2.5 level varied from
19.1 to 20.6 µg/m3 in a building. Moreover, Figure 12 shows a comparison of each system’s
annual energy performance between five selected cases. Scenario E saves 81.6% and 53.4%
of fan and thermal load compared to scenario A. It consumes more 44.4% of pump energy,
however, it saves 57.7% of annual energy consumptions. Scenario C saves 52.6% energy
yearly, compared with scenario A.

Table 7. Each system’s total performance under different scenarios.

Scenario A B C D E

Building Floor GF TF GF TF GF TF GF TF GF TF

ECRIP (W/m2/(µg/m3) 0.264 0.259 0.053 0.052 0.066 0.065 0.023 0.021 0.027 0.025

As a result, the DVS could essentially decrease fan energy consumption due to having
the shortest ductworks in the system. Hence, scenario D needs to be applied to a high-rise
building to provide better air quality when outdoor air is contaminated.
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4. Conclusions

A simulation-based study was conducted to investigate the ventilation efficiency
and energy performance of three ventilation strategies in improving IAQ. Based on the
European standard EN13779, this study designed ventilation supply ductworks for central-
ized and decentralized systems to investigate the energy performance of three different
ventilation strategies by considering the factors related to Suzhou’s seasonal environment.
The study also analyzed the IAQ in a high-rise building based on the air infiltration rate,
outdoor air pollution rate, seasonal change, and air filter efficiency, and these elements
substantially impacted IAQ levels with floor height variations.

Numerical simulation was used to conclude that the IAQ differed from floor to floor
in the modelled high-rise building due to the outdoor particles vertical profile. According
to the simulation results, the DPS and DVS performed better in maintaining IAQ when
equipped with a low-efficiency air filter, whereas the AAS performed better if a high-
efficiency air filter was used. The results indicate that MERV 14 and MERV 16 filters were
required for the building in Suzhou to maintain the IAQ within a healthy range. Moreover,
it was found that the infiltration rate could substantially degrade the ventilation system’s
performance in controlling IAQ, and this effect is more evident with the AAS and DPS than
it is for the DVS.

Based on the analysis, the AAS performs the best in maintaining IAQ in a high-rise
building, while it also consumes the highest energy annually. In comparison, the DVS had
the worst performance in controlling IAQ among the three ventilation strategies. However,
with the double-filter system applied on the lower floors, the IAQ in the building served
by the DVS can easily meet the necessary standard, and the annual energy consumption
remained the lowest among the three strategies. It was also found that the heat recovery
unit could save energy in a temperate climate region, such as Suzhou. The results indicate
that the DVS is the most energy-efficient system of those tested. Further, the DVS still has a
substantial potential to save energy during the season when the outdoor air is relatively
clean, since the air filter can be readily replaced. Accordingly, it is highly recommended
that the DVS is applied to a high-rise building to control IAQ and supply fresh air in an
energy-efficient manner.
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