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Abstract
This study investigated the impact of outdoor air pollutants on indoor air quality in a high-rise building,
considering factors related to the seasons and air infiltration. Further, the impact of atmospheric weath-
er conditions on air infiltration has been analysed in a downtown area of Suzhou, China. The influence of
the outdoor air pollution rate on indoor air quality in the office building was investigated based on on-
site measurements and computer simulations. Results showed that the impact of outdoor air pollutants
on indoor air quality was highest in winter, followed by spring, autumn and summer. Furthermore,
multiple factors, which affect the indoor air quality in a high-rise building, have been further investigated
in this study, including stack effect, wind effect, infiltration rate, outdoor air pollution rate, seasonal
change and air filter efficiency. The significant influence of these factors on the indoor air quality level
with floor height variations has been verified. Based on the analysis, a high-efficiency filter is recom-
mended to maintain healthy indoor air quality. Meanwhile, a double-filter system is required if a build-
ing is exposed to heavily polluted outdoor air considering the most substantial impact of outdoor air
pollutants on indoor air quality in winter. Moreover, a numerical model of steady-state indoor PM2.5

concentration was established to determine the suitable air filter efficiency and airtightness.

Keywords
Outdoor air pollution, Indoor air quality, High-rise building, Infiltration, Air filter efficiency, Stack and
wind effect

Accepted: 21 July 2021

Introduction and background

During the last decade, the impact of particulate matter
(PM) issues has been highlighted as a top priority in
China due to its extreme health harm to human beings.
Because of its small size, the fine and ultra-fine PM can
readily and deeply access into human lungs, even the
bloodstream. Previous research indicated that smaller
size particles were the more hazardous to human
health, being linked to higher morbidity and mortali-
ty.1–3 Meanwhile, with the rapid urbanization and eco-
nomic development in many countries, people spend a
large share of their time on indoor activities. Concern
was also raised by the U.S.A’s Environmental
Protection Agency (EPA) report that indoor air pollu-
tion levels could much more dangerous than the
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outdoor levels.4 For example, the indoor PM2.5 (par-
ticles that have diameter less than 2.5 micrometres)
level in an office building could be three times higher
than the value recommended by the U.S.A’ National
Ambient Air Quality Standard (NAAQS).5 Providing a
healthy indoor environment in office buildings has a
crucial positive impact on employees’ health and work-
ing efficiency. According to statistics,6 the number of
high-rise buildings has increased dramatically, with
around 86% of office buildings now being over 100m
high. Hence, a 100-m tall office building was selected as
the objective building in this study.

Airborne particles in buildings come from the out-
doors through the building envelope with infiltrating
air or the ventilation system’s leakages.7–12 Two existing
strategies have been widely used to control IAQ in build-
ings: installing a high-efficiency air filter system10,13–15

and increasing the ventilation rate.10,13,16–20 In mechan-
ically ventilated buildings, the outdoor particles, which
infiltrate through gaps in the building’s envelope with
the infiltration air, could directly impact IAQ.
Furthermore, air infiltration could increase the build-
ing’s heating load by 25% to 30%.21,22 Infiltration
could negatively affect indoor thermal comfort, ventila-
tion system efficiency and acoustic insulation perfor-
mance.22,23 Hence, infiltration air is undesired if the
outdoor air is contaminated. It is crucial to predict the
infiltration rate and to help designers develop a more
appropriate design strategy to improve the IAQ.

Infiltration is the unplanned flow of outdoor air into
the internal space through cracks in the building and
leakage points in the building envelope.24 The stack
effect and the wind effect are the two main mechanisms
for developing pressure differences between inside and
outside, and both contribute to the air exchange through
cracks and cavities in the building. Based on the
ASHRAE Handbook of Fundamental ,24 the wind-
induced pressure difference increases with height.
Meanwhile, the stack-induced pressure differences vary
with the difference in height between inlet and outlet
openings affected by the location of the neutral pressure
level (NPL).25Hence, the total pressure difference on the
windward facade varies with the building height, which
results in air infiltration rates varying between each floor
of a building which, in turn, means that the different air
infiltration rates will cause IAQ conditions to differ on
each floor. However, there is little research about how
the air infiltration rate’s vertical variation affects each
floor’s indoor pollutants’ concentration. The under-
standing of this effect could help maintain a good IAQ
while simultaneously saving energy.

In addition, many studies have shown that fine and
ultra-fine particles have a higher possibility of entering
the indoor environment through the ventilation system
than coarse particles due to their smaller size, and also

it is hard to capture them using a conventional air filter

.2,26 Small size particles are also easier to infiltrate and

penetrate buildings than coarse particles.27 Hence, the

particles are smaller than of 2.5 mm, as PM2.5, were

considered in this research. Compared to the ambient

PM standard, the indoor PM control standard lacks

development since only a few countries have estab-

lished indoor PM control standards. The existing rec-

ommended concentration limit for indoor PM2.5

concentration is mainly aimed at industrial environ-

ments.28 Therefore, the World Health Organization

(WHO) Air Quality IT-1 level29 of 35 mg/m3 for

PM2.5 was chosen to evaluate the indoor PM2.5 concen-

trations in this study.
The objective building for this study was in Suzhou,

which is a major city in the southeast of Jiangsu

Province, China. The city is a typical industrialized city

developed over recent decades. Based on a statistical

analysis of historical hourly weather data between 1

January 1980 and 31 December 2018,30 the temperature

typically varied from 0�C to 33�C in Suzhou. The coldest

day of the year was 19 January with an average outdoor

air dry-bulb temperature of 4�C,while the average ambi-

ent air temperature reachedup to 30�Con the hottest day

of the year (28 July). Accordingly, the climate of Suzhou

is hot in summer and cold in winter.
During the last five years, airborne particle pollution

has been a persistent problem in Suzhou due to its large

manufacturing sector. Since natural ventilation is

rarely used, mechanical ventilation systems are neces-

sary for office buildings in Suzhou. Moreover, the wind

speed varies slightly between seasons in Suzhou, and

the wind direction in Suzhou changes throughout the

year. According to weather statistics,30 the windiest day

of the year is 2 May with an average speed of 4.4m/s.

The wind speed was measured at 10m above the

ground. While on the calmest day of the year (23

October), the average wind speed was 3.8m/s. During

spring and autumn, there is a relatively low air temper-

ature difference between indoors and outdoors. The

relatively high wind speed can impact on air infiltration

in high-rise buildings.
In summary, this study aims to investigate how out-

door air pollutants affect indoor air quality through the

leakage in the building envelope in a high-rise mechan-

ically ventilated building. This study’s results contrib-

ute to a better understanding of the role of air

infiltration requirements for controlling the negative

impact of airborne particles on human health for build-

ings in polluted cities. To this end, three research ques-

tions have been defined:

1. How do ambient meteorological conditions affect

the air infiltration rates?
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2. How do the air infiltration rates affect the IAQ in a
high-rise mechanically ventilated building?

3. How does the air filter efficiency affect the ingress of
outdoor airborne particle concentrations?

Methodology

To investigate the influence of weather conditions on
infiltrating air, Suzhou’s daily average meteorological
conditions in 2018 were collected from the China
Meteorological Bureau database to estimate the daily
and seasonal variation of air infiltration rate on each
building floor. Furthermore, to answer the second
research question, field measurements and numerical
simulations were undertaken to predict the IAQ on
each floor of a building under different circumstances,
including various outdoor air conditions and building
locations. Additionally, according to the IAQ simula-
tion results on each floor, different efficiency air filters
were applied to investigate the effects of filter efficiency
in controlling the indoor PM concentrations.

The methodologies for analysing the impact of
increasing outdoor pollution level on IAQ in a high-
rise mechanically ventilated building can be subdivided
into four steps: (1) Estimate the daily and seasonal var-
iation of the air infiltration rate based on collected data;
(2) Perform on-site vertical profile measurements of out-
door air pollutants up the height of the building; (3)
Develop numerical simulations based on collected data
to predict indoor PM2.5 level on each floor of the build-
ing by using power-law equations; (4) Compare the
indoor PM2.5 levels for different air filter efficiencies.

Designed office building

As a case study, a hypothetical office building was mod-
elled. The footprint plan area of the building was
259.64m2, which was around 16.11m (W)� 16.11m
(L), and the floor height was chosen as a typical value
of 3.33m. Thus, the volume of each floor was 865.60m3.
The building was 30 storeys high (about 100m in total).
The building faced south and was located in the old
downtown of Suzhou, and the building has a maximum
of 28 occupants on each floor. Furthermore, in this
study, the default ventilation rate was assumed to be
30.6m3/h per person,31 which equated to approximately
1.0 ACH in each breathing zone.

Instrumentation

A TSI Model 8534 DustTrak Aerosol Monitor (TSI
incorporated USA) was used to measure PM2.5 concen-
trations. As a handheld instrument, the 90� light scat-
tering technique, in which the amount of scattered light
is proportional to the volume concentration of an aero-
sol, was applied to estimate concentration’ values. The

mass resolution of the DustTrak is 1 mg/m3 or �0.1%

of the reading, while the detection range is from 0.1 to

15 mm approximately. This instrument has been used to

measure the atmospheric particles in several widely

accepted papers.32,33 The instrument was calibrated

using Arizona Test Dust by the manufacturer to

relate light scattering intensity to aerosol mass concen-

trations and be recalibrated at the experiment site

before every measurement.

Test sites and experimental description

Due to the experiment site’s limitation, a case study was

conducted to investigate the outdoor particles’ vertical

profile. The measured data were then compared with

published data which were measured in a city close to

Suzhou, to seewhetherthose data could be applied in this

case study. The selected building, which will remain

anonymous, was approximately 12 storeys tall(�63m)

. The test building was located in a relatively open area

surrounded by a pedestrian road and a vehicle road.

Time-resolved measurements were conducted during

two periods in different seasons: spring (9:00 am–11:00

am, 27 March–3 April 2019), summer (9:00 am–11:00

am, 20 May–27 May 2019), autumn (9:00 am–11:00

am, 15 October–22 October 2019) and winter (9:00

am–11:00 am, 26 November–02 December 2019).
Samples were collected on the first floor (1.2m) and

12th floor (62.6m). The calibrated instrument was

placed outside of each floor’s balcony that faced a

square, approximately 1.2m above each floor level

and 1m away from the building façade. One researcher

with an instrument was deployed on each sampling site

in this study, ensuring the same logging interval (10 s)

was used. The locations of building A and building B in

the experimental site are illustrated in Figure 1.

Weather characteristics

Suzhou is located in the Yangtze River Delta’s central

part in China’s east (31�180N 120�360E), and it borders

Shanghai. The city is situated in the subtropical zone,

which indicates that it experiences a warm and moist

monsoon maritime climate. The meteorological condi-

tions of Suzhou in 2018 were used to analyse the sea-

sonal variation of the impact of outdoor air pollutants

on indoor air quality. The daily average outdoor air

dry-bulb temperature and wind speed from 1 January

2018 to 31 December 2018 are shown in Figures 2 and

3. From Figures 2 and 3, the outdoor air temperature

of Suzhou in 2018 varied from 0�C to 32�C.
Furthermore, ambient wind speed ranged between

0.3m/s and 8.3m/s. Since the outdoor temperature is

slightly affected by altitude desceasing by around

0.6 �C per 100m increase of altitude,36 the outdoor

Fu et al. 3



Figure 1. The detailed information of the experiment site.

Figure 2. Suzhou daily average outdoor dry-bulb air temperature from 1 January 2018 to 31 December 2018.34

Figure 3. Suzhou daily average wind speed from 1 January 2018 to 31 December 2018.35
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air temperature , in this case, was kept constant withal
up the building’s height. For the assessment of indoor
thermal comfort, the ASHRAE Standard 55–2010 was
used. This meant that the target indoor air temperature

was set at 24�C in the cooling season, the target room
temperature was set at 20�C in the heating season and
the target indoor air temperature was set at 22�C in
both the spring and autumn seasons.37

Analysis of indoor PM concentration

Over time, indoor PM concentration levels can be

remodelled as a function that mainly depends on
source terms and loss terms. Assume that the
particle concentration in the room is uniform,38 equa-
tion (1) represents the dynamic solution of the mass
balance equation that describes the indoor concentra-
tion.10,39–41

PMin;tk ¼ PMin;tk�1
� e�Lðtk�tk�1Þ

þ S

L
� S

L
� e�Lðtk�tk�1Þ

� �
(1)

where PMin;tk is the concentration of the indoor PM
concentration at time k in mg/m3, S is the source
term, L is the loss term and tk is the ventilation system’s

operation time. This study assumed that there were no
indoor particle emission sources, which indicates that
the indoor PM level will be equal to or lower than the
outdoor levels at steady-state.42 Thus, the indoor PM2.5

concentration was defined as equal to the ambient level
at the beginning of the simulation. For the source term,
the origin of PM2.5 in the indoor environment was the
outdoor air coming through the ventilation system or
penetrating through building cracks and wall cavities in
a mechanically ventilated building.9,13,43,44 To simplify

the simulation, the air in the ventilation system was
assumed not to be recirculated, and there were no
indoor PM emission sources. Moreover, compared to
the deposition rate, the particle resuspension rate
induced by indoor human activities was weak enough
to be neglected,45 so that the source term can be
expressed by equation (2)

S ¼ Cout � kv � 1� gAHUð Þ þ Cout � p� ki (2)

where Cout is the outdoor particle concentration in
mg/m3, kv is air change rate attributed to ventilation,
gAHU is the air-handling unit filter efficiency, p is the
penetration rate of particles, which was set to 0.95 for
PM2.5 and ki is the air change rates attributed to the

infiltration rate. In this study, several air filters with
different efficiencies for removing the PM2.5 were con-
sidered.46,47 Furthermore, the loss terms contain the air

pollutant removal mechanisms by ventilation and

deposition onto indoor surfaces. Hence, the loss term

can be expressed by equation (3)

L ¼ kv þ ki þ b (3)

where b is the deposition rate, which is 0.5 h�1 for

PM2.5.
10,48

Estimation of infiltration rate. Both stack and wind

effects are required to determine the pressure difference

between the indoors and outdoors to estimate of the air

infiltration rate in a building. In addition, the infiltra-

tion rate is also affected by the type of air pollutants,

building surface material and crack geometry.27,43,49,50

Because this paper aimed to investigate the impact of

outdoor air pollutants on the IAQ in a high-rise

mechanically ventilated building, several presumptions

were made:

1. The building that was used in the case study is

rectangular.
2. Leakage was uniformly distributed on the south

facade of the building, and there was no leakage in

the other three facades.
3. Crack geometry was uniform. It means that it is an

idealized rectangular straight crack with a fixed

dimension throughout the leakage path, that the

inner surface of the crack is smooth, and that the

airflow is the stable laminar flow through the crack.

Further, the width of the crack is greater than that

height. This means that the airflow can be reason-

ably thought of as a two-dimensional model.
4. Indoor air temperature was assumed to be uniform.
5. Average values of the wind pressure coefficients

were used in this study.
6. Particle size distribution was assumed to be uniform.
7. Fan operation was independent of any wind-

induced or stack-induced pressure differences

imposed across it.

Based on the ASHRAE Handbook,24 the local

wind pressure on buildings can be determined by equa-

tion (4)

pw ¼ 0:5� Cp � qo �U2
H (4)

where pw is the local wind pressure on the building

surface in Pascal (Pa), Cp is the local wind coefficient,

which is a dimensionless value and can be determined

with the surface-average wall pressure coefficient for

high-rise building curve,24 qo is the outdoor air density
in kg/m3, and UH is the approach wind speed at

Fu et al. 5



upwind wall height H in m/s. This wind speed can be
described by equation (5)

UH ¼ Umet � dmet
Hmet

� �amet

� H

d

� �a

(5)

where Umet is the reference wind speed measured at the
meteorological station in m/s, d and dmet are the atmo-
spheric boundary layer thicknesses for the local building
and meteorological station, respectively, a and amet are
the exponent for the local building terrain and meteoro-
logical station terrain, respectively, Hmet is the height at
which the reference wind speed has been measured, typ-
ically 10m above the ground level, and H is the wind
speed that occurs at a specific height, which is defined
as the mid-point on each floor to represent the specific
wind speed at that floor in this study. Then the wind
pressure on the building facade can be expressed with
the coefficient Cp(in-out) and based on the atmospheric
boundary layer parameters provided by the ASHRAE
handbook.24 For the building located in the urban area,
the wind pressure is presented by equation (6)

Dpw ¼ 0:5� ðCp � CpiÞ � qo

� Umet � 1:586� H

460

� �0:33
 !2

(6)

where DPw is the wind-induced difference between
indoor and outdoor pressure, and Cpi is the internal
wind pressure coefficient, which is around –0.2 for a
building in which the air leakage sites are distributed
uniformly in all the walls.51 For tall buildings, the
stack-induced pressure difference for a horizontal
leak at any vertical location in the building can be char-
acterized by a sufficient stack height and neutral pres-
sure level (NPL), which is expressed by equation (7)24

Dps ¼ Cd � qo �
Ti � To

Ti

� �
� g� HNPL �Hð Þ (7)

where DPs is the stack-induced difference between
indoor and outdoor pressure in Pa, Cd is the thermal
drift coefficient, qo is the outdoor air density in kg/m3,
g is the gravitational acceleration constant (9.81m/s2),
HNPL is the height of the NPL above the reference plane
in m and H is the height above the reference plane in m.
The variable Cd is a correction factor to describe the
pressure difference between each floor caused by resis-
tances (e.g. doors), and its value for office buildings
varied from 0.63 to 0.82.51 In this study, an average
value of Cd¼ 0.725 was applied, and the stack pressure
on each floor’s mid-point was used to represent the aver-
age stack pressure on that floor.51

In theory, the NPL is precisely at the mid-height of a

building if the building’s cracks and other openings are

uniformly distributed vertically.24,51 However, many

factors, including the mechanical supply and exhaust

system, affected the indoor air pressure level and con-

tributed to the NPL location variation.25,44,45,52,53

Hence, this study defined the NPL at 30%, 50% and

70% of the total building height to investigate the

stack-induced pressure difference between the inside

and outside of the building.24 Then the total pressure

difference can be calculated by equation (8)

Dp ¼ Dpw þ Dps (8)

After determining the total pressure difference

between indoors and outdoors, the air infiltration

rate could be determined by equation (9)24

ki ¼ 3600

V

� �
� c� Dpð Þn (9)

where V is the breathing zone volume (m3), n is the

exponent, as a dimensionless value of 0.65

(ASHRAE, 2017).24 The flow coefficient c is in the

unit of m3/(s�(Pa)n), which is described by equation

(10)24 as

Q ¼ c� ðDPÞn (10)

where Q is the airflow through the opening in m3/s.

Based on ASHRAE handbooks (2017),24 the infiltra-

tion rate in the office building was assumed to be 0.1

ACH at 75 Pa.24 Accordingly, the value of the flow

coefficient, 1.453� 10�3 m3/(s�(Pa)0.65), can be

substituted into equation (11) as

ki ¼ 0:006044� Dpð Þ0:65 (11)

Results and discussion

Prediction of the pressure difference
between indoors and outdoors

Based on the collected data, all calculations were car-

ried out to change the pressure difference between both

sides of the building’s south facade in a year.

The impact of meteorological conditions on the
pressure difference between indoors and
outdoors. For a typical year, Suzhou’s daily averaged

outdoor air temperature varies between 0�C (273K)

and 32�C (305K). The temperature difference between

6 Indoor and Built Environment 0(0)



the inside and outside (DT¼Ti–To) ranges from –8K

to 20K to compare with the chosen indoor air temper-

ature. The impact of outdoor air temperature on stack-

induced pressure difference is displayed in Figure 4,

which shows that the stack-induced pressure difference

was positively correlated with the DT. Furthermore, if

the indoor air temperature is higher than outdoor, such

as in winter, the air tended to be exfiltrated into the

indoor environment from outdoors on lower floors,

whereas it tends to be infiltrated on upper floors.

Conversely, airflow behaviours performed oppositely

when indoors’ temperature was lower than outdoors,

such as in summer. The outdoor air is infiltrated into

an indoor environment on lower floors, and such air is

exfiltrated on the upper floors.44

Based on the simulation results, when the difference

between inside and outside temperature increased by

5K, the stack-induced pressure difference on the build-

ing facade doubled. However, the increasing propor-

tion of the pressure difference decreased near the

transition point (where the stack-induced pressure dif-

ference equals 0). This means that the stack-induced

pressure difference was linearly proportional to the

building height.
From reference, the ambient wind speed in 2018

varied from 0.3m/s to 8.3m/s. Based on such data

sources, simulations were carried out to investigate

the impact of ambient wind speed on wind-induced

pressure difference, and the results are shown in

Figure 5. Figure 5 indicates that the wind-induced pres-

sure difference was also increased with an increase in

the outdoor wind velocity, while the increased margin

of the pressure difference was increased along with the

building height. More specifically, the pressure differ-

ence was increased from 0.02 Pa to 1.98 Pa on the

ground floor if the ambient wind velocity rose from

1m/s to 8m/s, while on the top floor, it rose from

0.32 Pa to 29.20 Pa. A non-linear correlation between

the wind-induced pressure and the building height can

be determined from Figures 4 and 5.
Since the wind speed does not affect the variation

trend of pressure difference in the vertical direction,

the annual average outdoor wind speed, 4.1m/s, was

taken as an example to investigate the influence of

wind direction on the wind-induced pressure difference.

The results are shown in Figure 6. If the wind direction

was changed from 0� to 45�, the wind-induced pressure

difference was decreased by around 30% at both the top

and ground floors. If the direction changed from 90� to
180�, it caused a 56.3% decline in the pressure differ-

ence. As a special case, the wind-induced pressure dif-

ference was reduced to 0 if the direction was around

70�.24 Overall, the pressure difference between the

wind and south facades was proportional to the wind

angle with a negative gradient. Furthermore, such a

relationship is not affected by the wind speed since the

Figure 4. The impact of the temperature difference between indoors and outdoors on stack-induced pressure difference when
NPL is at 50% of the building height.

Fu et al. 7



Figure 5. The impact of wind speed on wind-induced pressure difference when the wind direction is perpendicular to the
building south façade (h¼ 0�) when NPL is at 50% of the building height.

Figure 6. The impact of the wind direction on the wind-induced pressure difference when Umet¼ 4.1m/s.

8 Indoor and Built Environment 0(0)



gradient stayed constant along with the varing wind

speed.

The impact of the neutral pressure level NPL on
the pressure difference between indoors and
outdoors. Figure 7 displays the impact of the NPL

on the stack-induced pressure difference when the

wind direction was perpendicular to the south facade

of the building. These results show that the NPL height

had a significant impact on the stack-induced pressure

differences on each floor of the building, and it also

affected the height of the transition point. When the

NPL location was changed from 30% to 70% of the

building height, the stack-induced pressure difference

fluctuated around 140% on each floor. Based on the

results of simulations, the temperature difference did

not impact on the fluctuation of the pressure difference

on each floor. However, the pressure difference was

increased on the lower floor and was decreased on

the upper floor if the indoor air temperature was

higher. Otherwise, it decayed on the lower floor and

rose on the upper floor. Moreover, the transition

point occurred at around the 10th floor, 15th floor

and 22nd floor if the NPL was set at 30%, 50% and

70% of the building height, respectively.24

Numerical prediction of indoor PM2.5
concentration

Over the past decade, vertical particle profiles on high-

rise office building facades have been focused on by

researchers.33,54–59 Generally, the outdoor airborne

particle concentration would decrease with the rise in
height. Furthermore, several studies indicate that the

outdoor particle concentration shows a stronger appar-

ent decreasing trend with the height in open areas than

in urban areas.33,57 The outdoor particle level’s vertical
pattern is influenced by many factors, such as atmo-

spheric stability, ambient meteorological conditions

and the surrounding environment.54,58,60,61

In this study, a case study was conducted to inves-

tigate the difference in outdoor PM2.5 and indoor con-

centrations between the top floor and the ground floor

of a single tall building in Suzhou. The concentration
of PM2.5 was decreased significantly on the top floor

throughout the whole year, which is coincident with

results determined by previous studies.33,57,59 On the

12th floor (62.6m), the averaged PM2.5 concentration
was decreased by 8.4% (3.7%–12.3%), 23.4% (20.5%–

34.3%), 17.1% (15.7%–20.9%) and 16.7% (12.2%–

23.4%) over four measured periods. In contrast, Liu

et al.33 investigated the vertical profile of PM2.5 based
on a 100m height office building in an urban area and

a mountain in the forest park in Nanjing over four

Figure 7. The variation law of stack-induced pressure difference along with the building height under different NPL when
wind direction is perpendicular to the south façade of the building (h¼ 0�).

Fu et al. 9



seasons. They reported that, at 65m, the averaged
PM2.5 concentration decayed 28.1%, 30%, 27% and
15.5% in the forest park, and –0.6% (the PM2.5 level
was increased by 0.6% compared with the ground
floor), 20%, 16.1% and 10.7% on the urban area
over four seasons. The measured result of this study
was between the value measured in the urban area
and forest park. Thus, the results measured in this
study show a good agreement with reference data
since the test office building in this study is located in
a relatively open space, as well being near a pedestrian
road.

Furthermore, Nanjing is very close to Suzhou, and
thus the results reported by Liu et al.33 can be used as a
benchmark for investigating the IAQ on each floor of a
100m tall building. As introduced in the background
section, the outdoor PM2.5 concentration was reduced
at the top floor in both spring and autumn, while the
maximum outdoor PM2.5 level occurred at around
10m and 25m in spring and autumn, respectively.
Such a phenomenon might be due to the impact of
buildings in the surrounding environment, such as the
roadside trees, emission sources and surrounding build-
ing heights.33,59,62 However, in both summer and
winter, the outdoor PM2.5 level generally decreased
with the building height. Based on the results reported
by Liu et al.,33 the seasonal vertical profiles of the out-
door PM2.5 level around the building in this study are
presented in Table 1.

Variation law of IAQ in a high-rise building. By
applying the proposed air infiltration rates on each
floor of a building, the hourly variation of indoor
PM2.5 concentrations on four selected specific days in
2018 were simulated. The four selected days were 19th
January, 2 May, 28 July and 23 October, and the daily
average outdoor PM2.5 levels for these four days were

199.1 mg/m3, 47.6 mg/m3, 51.5 mg/m3 and 72.1 mg/m3,
respectively. All input variables used in the simulation
are listed in Table 2.

According to the occupancy diversity factor,31 an
office building’s working hours are generally between
06:00 and 21:00. Thus, this study mainly focused on
the indoor PM2.5 concentration during working hours,
and the results are displayed in Figure 8. Moreover,
Figure 9 displays the value range of indoor PM2.5 con-
centrations on five selected floors of the case study build-
ing. Figure 9 shows that the IAQ in the building was the
best during summer, followed by spring, autumn and
winter. In general, the indoor PM2.5 concentration
showed a continuous decrease with the height in both
summer and winter. However, a fluctuation was deter-
mined during spring and autumn since the outdoor par-
ticle level’s vertical profile did not steadily decrease with
the height. Furthermore, the indoor PM2.5 level showed
7.0%, 12.9%, 18.1% and 19.7% attenuation at the top
floor when the season changed from spring to winter.
The decreasing trend is the same as the outdoor PM2.5

vertical profile, and the results indicate that outdoor air
pollutants have a significant impact on the IAQ.63

According to Figure 9, the median line approximate-
ly coincides with the 25th percentile and the minimum
value line on 19 January. This indicates that the indoor
PM2.5 level reached the steady-state quickly due to the
significant and stable stack-induced pressure difference
between indoors and outdoors. Moreover, the mini-
mum indoor particle levels on the four selected days
occurred when the stack-effect was at its maximum,
while when the stack-effect was at a minimum, the con-
centration was maximal. In addition, the range of
indoor PM2.5 concentrations was wider in the transi-
tion seasons. One reason is that the impact of wind-
effect on the air infiltration rate was relatively higher in
these two seasons due to the lower stack-effect. The
result in this study indicates that the dominant driving
force of the infiltrating air in a high-rise building was
the stack-effect, which is coincident with the previous
research findings.25,64

In summary, the IAQ varied evidently per floor of a
building, and the outdoor air pollutant level had a sig-
nificant impact on IAQ in the mechanically ventilated
building. The IAQ increased with the building height
generally over the year if the outdoor air was contami-
nated. For the target building in Suzhou, the IAQ was
best in the summer, followed by autumn, spring and
winter.

Table 1. The seasonal vertical profiles of outdoor PM2.5

level on the south façade of the building.33

Height (m)
Spring
(%)

Summer
(%)

Autumn
(%)

Winter
(%)

1.65 (1st floor) 0 0 0 0
31.35 (10th floor) þ4.5 –5.5 –6.2 –7.1
51.15 (16th floor) þ3.1 –8.8 –13.6 –9.7
64.35 (20th floor) þ0.6 –20.0 –16.1 –10.7
97.35 (30th floor) –7.0 –12.9 –18.1 –19.7

Table 2. Parameters investigated for indoor PM2.5 concentration.

Particle size ga (%) kv (h-1) b (h-1) p (h-1) Cout (mg/m
3)

PM2.5 32.3 (MERV8) 1 0.5 0.95 47.6, 51.5, 72.1, 199.1
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Figure 8. The hourly variation of outdoor meteorological conditions on four selected days. (DT¼ indoor air temperature –
outdoor air temperature).

Figure 9. The value range of indoor PM2.5 concentration on five selected floors (in order from left to right is 1st, 10th, 16th,
20th, 30th floor) between 6:00 and 21:00 in four seasons when NPL locates at 50% of the building height (the five horizontal
lines for each box in order from top to bottom: maximum value, 3rd quartile, median, 1st quartile, minimum value).
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Impact of neutral pressure level on IAQ. Figure 10

illustrates that the outdoor air wasmore heavily contam-

inated inwinter since the PM2.5 level was higher, whereas

it was less polluted in both spring and autumn by com-

parison with summer. In terms of statistics,34 the daily

average outdoor PM2.5 level varied as 15–114mg/m3, 7–

52 mg/m3, 7–150 mg/m3, 11–225mg/m3 from spring to

winter. The extreme cases have been utilized to investi-

gate the impact of NPL on IAQ on both the ground and

top floors of the building. Figure 11 presents the varia-

tion of IAQ for the location of the NPL rising from 30%

to 70%of the building height. In that situation, the aver-

age indoor PM2.5 level was increased by around 0.3%,

2.5%, 6.0% on each floor in spring, autumn and winter,

respectively. A different phenomenon was found during

summerwhen it decreased by around 7.5%on each floor

of the building. Overall, Figure 11 shows that the loca-

tion of the NPL was negatively correlated with the

indoor particle level if the air temperature is higher

indoors. In contrast, it had a positive impact on the

IAQ in buildings during summer.
In summary, the NPL had significant effects on

IAQ. The results demonstrate that the PM2.5 concen-

tration peaked in winter. Also, from simulations, the

number of occupants suffering from PM2.5 pollution

was increased when the indoor air temperature was

higher than outdoors, and the effect was worsened

with the increasing NPL height. Thus, the conclusion

can be drawn that the IAQ was inversely proportional

to the NPL if the air temperature was higher indoors,

while it was in direct proportion to NPL in summer.

Considering the extent of occupants suffering from

PM2.5 pollution, the NPL should be maintained at a

lower position if the air temperature is higher indoors,

whereas a higher position for the NPL is suggested in

summer.

The combined effect of air infiltration rate and
filter on the indoor particle level. The outdoor

PM2.5 concentration in Suzhou ranged between 0 and

300mg/m3. Furthermore, due to the technological devel-

opments in construction and production, buildings that

have been built in recent years are generally more airtight

than before.65,66 Therefore, four different air infiltration

rates, 0 ACH, 0.05 ACH, 0.1 ACH and 0.3 ACH, were

selected to represent the well-insulated case, airtight case,

typical case and leaky case, respectively.
From the simulation results, shown in Figure 9, occu-

pants’ health in a high-rise mechanically ventilated

building is a deep concern since the indoor particulate

pollution when the outdoor air quality has deteriorated.

A suggestion for improving the IAQ in buildings is to

install a high-efficiency air filter.67,68 Hence, four air fil-

ters with different efficiencies were considered in the sim-

ulation. In this study, the filters used had Minimum

Efficiency Reporting Value (MERV) 8, MERV 10,

MERV 14 and MERV 16. According to the literature

review,14,46 the efficiency of removing PM2.5 with these

four filters is 32.3%, 35.4%, 78%and 95%, respectively.

Figure 12 displays the indoor particle levels’ contour

plots, which varied with outdoor air quality and air infil-

tration rate. In the plots, each graph’s red curve repre-

sents the limit value of indoor particle concentration,

35 mg/m3, given in the WHO guideline.29 According to

WHO guidelines, the dangerous area above this curve

highlights the indoor PM2.5 level that is too high for

human health. Figure 12 shows that the indoor air qual-

ity was improved along with the use of higher filter effi-

ciency, which is coincident with results reported in Ruan

andRim’s work.10 Furthermore, the results indicate that

the indoor PM2.5 concentration can exceed the limit

value even in a low infiltration rate if the outdoor air is

highly polluted. Using higher MERV rating filters from

Figure 10. The daily average outdoor PM2.5 concentrations in Suzhou between 1 January 2018 and 1 November 2019.34
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MERV 10 to 16 can maintain indoor particle concentra-

tion within a healthy range for wider ranges of outdoor

air conditions. However, the MERV 10 and MERV 14

are not effective enough to control IAQ inbuildings if the

building is leaky or the outdoor air is highly contaminat-

ed. For comparison, when the MERV 16 air filter was

utilized in the ventilation system, the IAQ in the building

would be in an acceptable range if the outdoor particle

level was lower than 200 mg/m3 or the air infiltration rate

was lower than around 0.16 ACH. In addition, in some

highly polluted cases, one filter system is not enough in

Suzhou urban area, and a double-filter system should be

considered.10 Overall, the filters with a higher MERV

rating have a better performance for maintaining IAQ

in the building.

The numerical model of the indoor PM2.5
concentration at a steady state. Figure 13 shows

that the indoor PM2.5 concentration varied with the

air infiltration rate, the filter efficiency and the outdoor

concentration. Figure 13 presents that both the impact
of the filter efficiency and the air infiltration rate on
indoor particle levels are non-linear. If the infiltration
rate was increased steadily and equably, the amplifica-
tion of indoor particle concentrations would be
increased if the air filter efficiency was increased.
Meanwhile, the proportional reduction of the indoor
PM2.5 concentration was decreased with the increasing
of the air infiltration rate when the filter efficiency was
enhanced. This result reveals that the air infiltration
rate can significantly affect the air filter’s efficien-
cy.22,45,64 Furthermore, the steady-state indoor PM2.5

level can be described by equation (12), which was
derived by the curve fitting method. The relative fitting
equation is shown below; note that the corresponding
coefficient of determination is R2¼ 1

PM2:5 ¼ �8:9� 10�21ð ÞCout
3 � 5:1� 10�18ð ÞCout

2ki
� 6:6� 10�18ð ÞCout

2bþ 1:0� 10�17ð ÞCout
2

Figure 11. The variation law of indoor PM2.5 concentration on each floor if the location of NPL changes.

Fu et al. 13



�0:21Coutki
2 þ 0:37Coutkibþ 0:22Coutki

þ 1:2� 10�15ð ÞCoutb
3 � 0:66bþ 0:67Cout þ 23:5ki

3

�42:1ki
2bþ 10:3ki

2 þ 1:0� 10�12ð Þkib2 þ 12:6kib
�5:1ki þ 6:4� 10�15ð Þb3 � 3:5� 10�13ð Þb2 � 0:53b
þ0:24314

(12)

where PM2.5 is the indoor PM2.5 concentration at

the steady-state level in mg/m3, Cout is the outdoor par-

ticle level in mg/m3 and ki is the air infiltration rate in

ACH, and b is the air filter efficiency. Moreover, the

simulation results show that the steady state of the

indoor particle concentration was correlated with the

particle deposition rate when the building is well-

insulated, and there is no air filter installed.69,70 The

particle deposition mechanism is affected by many fac-

tors, including particle characteristics, room air veloc-

ity, room surface characteristics71 and also air filter

efficiency.50 Thatcher et al.71 reported that the par-

ticles’ deposition rate lower than about 2.5 mm would

range typically between 0.1 h�1 and 1.0 h�1.
In addition, the model was verified by findings from

several previous studies. Ruan and Rim10 simulated the

indoor PM2.5 level with three different air filters in

Beijing. The three selected filter efficiencies for remov-

ing PM2.5 were 30%, 65% and 95% in their studies.

The input data were 1.043 ACH, 0.028 ACH, 0.5 h�1 as

the outdoor air ventilation rate, infiltration rate and

deposition rate, respectively. Substituting these values

into equation (12) yields slightly higher indoor PM2.5

concentrations than the published results. Moreover,

Ben-David and Waring72 investigated the indoor to

outdoor ratios of six air pollutants under four ventila-

tion cases in 14 USA cities, considering the factors,

including air exchange rate, infiltration rate, meteoro-

logical conditions and filter efficiency. When inputting

Figure 12. Combined effects of air infiltration rate and filters on the indoor PM2.5 concentration under outdoor concen-
tration from 0 to 300 lg/m3.

Figure 13. The increasing proportion of indoor PM2.5

levels varied with the air infiltration rate and the filter effi-
ciency. (The four surfaces from bottom to top represented the
value range of the indoor PM2.5 concentration under various
air filter efficiency and air infiltration rate when outdoor
PM2.5 concentration was 75lg/m3, 150 lg/m3, 225 lg/m3,
300lg/m3, respectively.)
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their data into equation (12), the obtained indoor
PM2.5 concentrations were also slightly higher than
the reported results. This is because the recirculation
process on the ventilation system was not considered in
this study. Meanwhile, the fresh air supply rate was
slightly higher in their study.

Therefore, the output of equation (12) is coincident
with the results reported by these published researches.
As a result, this equation can be applied to other build-
ings, and designers could use this numerical model to
determine suitable air filter efficiency and acceptable
air infiltration rate based on outdoor air conditions.

Conclusion

This study investigated the impact of outdoor air pol-
lutants on IAQ in a high-rise office building. As a case
study, this paper analysed the impact of atmospheric
weather conditions on air infiltration in Suzhou. It
employed existing strategies using measured data, col-
lected data and numerical simulation to assess the
impact of outdoor air pollutants on IAQ in a high-
rise office building. The IAQ in a high-rise building
was analysed considering the stack effect, wind effect,
infiltration rate, outdoor air pollution rate, seasonal
change, air filter efficiency and floor height, which
had significantly impacted on the IAQ.

Based on the analysis, the temperature difference
between indoor and outdoor and the outdoor wind
speed was proportional to the pressure difference
between indoor and outdoor, while the pressure differ-
ence between wind and south facades was proportional
to the wind angle with a negative gradient. As a result
of the seasonal effects on the IAQ found on each floor
of the building, the IAQ was worst in winter, followed
by spring, autumn and summer. Numerical simulation
showed that the IAQ differed from floor to floor in the
high-rise building. The results indicate that the indoor
particle concentration was lower on higher floors than
on the lower floors in a high-rise building. According
to the simulation results, the air filter efficiency was
negatively related to the indoor particle concentration.
Hence, to control the indoor PM level within the limit
value, a filter with at least a high-efficiency air filter is
required, and a double-filter system should be used if
the outdoor air is highly polluted. In addition, a
numerical model of the reduction proportion of
indoor PM2.5 level at steady state was developed to
help designers determine the suitable air filter efficiency
and acceptable air infiltration rate based on outdoor
air conditions.

Due to the limitations of the experiment site to mea-
sure the actual infiltration rate in a high-rise building,
the on-site measurement of infiltration rate was not
conducted to validate the numerical simulation results.

This limitation may make the validation of the numer-
ical simulation result difficult. However, the results
were numerically calculated following the ASHRAE
procedure. Hence, future study is needed for validating
the findings of this study. Moreover, outdoor air pol-
lutants’ vertical profiles around the building facade
could vary with the building’s surrounding environ-
ment, outdoor emission sources and meteorological
conditions. Future studies are scheduled to investigate
outdoor air pollutants’ vertical profiles depending on
the multiple factors discussed earlier.
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