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Abstract: Shopping malls in Hong Kong are usually located near major roads. Indoor air quality
(IAQ) in these buildings is subject to infiltration of outdoor traffic-related pollutants, such as PM10,
PM2.5, CO, and NO2. Furthermore, the existence of indoor sources and building geometry added to
the complexity of variations in IAQ. To understand outdoor infiltration and spatial heterogeneity of
these pollutants, we conducted fixed and cruise indoor sampling, together with simultaneous outdoor
measurements, in a typical mall in Hong Kong. The cruise sampling was conducted indoors on a
predesigned route and repeated 15 times. Outdoor infiltration was quantified based on regression
analysis between indoor and outdoor sampling. Results showed that 75% of PM2.5, 53% of PM10,
and 59% of NO2 were infiltrated into the mall during opening hours. Elevated PM2.5 and CO were
observed during the dinner period, suggesting an impact from cooking. Substantial spatial variations
were observed for PM10, PM2.5, and NO2, particularly at locations near entrances and restaurants.
Measures are needed to reduce pollution intrusion from building openings and cooking-related
sources to improve air quality in the selected mall. Fixed and cruise sampling methods used in this
study provide insights on sensor deployment for future air quality monitoring in buildings.

Keywords: indoor air quality; spatial variation; outdoor infiltration; PM; gases; senor deployment

1. Introduction

Shopping malls are one of the important activity nodes in which people spend their
time. Based on a survey conducted earlier in Hong Kong, residents spend on average 1 to
2 h in shopping malls per day [1]. Hong Kong has been recognized as a shopping paradise
since 1999 [2]. There are over 26,000 employees in Hong Kong currently working in retail
locations [3]. People spend on average 40 h per week in their workplace environment [4].
Indoor air quality is one of the key factors affecting people’s health and productivity in
the workplace environment [5–7]. Most shopping malls are located near major roads
due to convenience. The proximity to heavy-traffic areas transporting a high number of
passengers makes them subjected to traffic-related pollutants, such as particulate matter
with an aerodynamic diameter less than 10 µm (PM10) and 2.5 µm (PM2.5), as well as gases
such as nitrogen dioxide (NO2) and carbon monoxide (CO).

People’s exposure to particles and gaseous air pollutants is associated with many
adverse health effects. For example, exposure to PM10 is associated with pneumonia
and chronic obstructive pulmonary diseases [8,9]. Breathing air with a high level of CO
reduces the amount of oxygen that is transported to organs such as the brain and leads to a
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higher chance of heart diseases [10,11]. Exposure to nitrogen dioxide (NO2) may increase
susceptibility to infection and hence increase the risk of having pulmonary disease [12,13].
Understanding variability in these pollutants and contribution from outdoor infiltration is
critical for identifying key factors affecting indoor air quality in shopping malls and thus
developing strategies to protect public health.

Compared with other places that people spend time, such as home and schools [14–17],
fewer efforts have been made to understand air quality in shopping malls. Only one study
was found in Hong Kong, which was conducted in the 1990s. The study reported an
indoor average of 200 µg/m3 of PM10 at measured malls, which was the second-most
polluted indoor environment among selected offices, schools, homes, shopping malls, and
restaurants in Hong Kong [18]. Around 55% of PM10 samples collected from weekdays
failed to comply with Hong Kong Indoor Air Quality (HKIAQ) 8 h guideline of 180 µg/m3

at that time [19]. The highest CO concentration at one mall near a major road was found to
be 4.2 ppm, which was two times higher than the HKIAQ 8 h guideline of 1.7 ppm [19].
This study highlighted the severity of indoor air quality in shopping malls; however, it
may not reflect current situations given that it was conducted 20 years ago. In addition,
these studies did not include PM2.5 and NO2, which have been shown to be critical for
public health. For example, fine particles (PM2.5), which are much smaller than PM10,
can penetrate deeply into the lung region and cause severe cardiovascular, respiratory
diseases, and even death [20,21]. In Hong Kong, road traffic is the major source of PM2.5
and NO2 [22,23]. Thus, exposure to PM2.5 and NO2 in these places may substantially be
the result of the outdoor environment.

The impact of outdoor-infiltrated pollutants on indoor air quality is less understood
with regard to shopping malls. In the mentioned Hong Kong study, indoor concentrations
were compared with outdoor concentrations, but no further analysis to quantify how much
outdoor pollution was infiltrated indoor. A study conducted in the city of Changsha found
the indoor-to-outdoor ratio (I/O ratio) of PM2.5 concentrations in a shopping mall ranging
from 0.46 to 0.52 [24]. However, pollutant concentrations observed in shopping malls
composed of pollutants infiltrated from outdoor and pollutants generated through indoor
activities, such as cooking. The I/O ratio does not separate outdoor contributions from
indoor concentrations, and thus, it is not useful in evaluating the impact of the outdoor
environment on the mall’s IAQ [25]. In enclosed microenvironments, the contribution
of outdoor infiltration can be quantified using linear regression based on simultaneous
indoor and outdoor measurements [14–17,26]. The infiltration factor (IF), which is a slope
from linear regression, can be used to infer the infiltration of outdoor pollution. Studies
conducted in other microenvironments, such as homes and schools, have demonstrated that
IF is useful to separate impact from outdoor pollution and indoor sources [14,15,26] and
can be used in microenvironmental models to estimate people’s exposure to air pollutants.

With the development of sensor technology, routine air quality monitoring in buildings
may become possible [27]. However, it is less clear how we should deploy sensors to better
represent the indoor air quality in buildings. Especially for shopping malls, there is a
knowledge gap on spatial heterogeneity of air pollution inside building to guide the
design sensor network so that it can help identify pollution hot spots and provide useful
information for managers to prioritize control measures.

In this study, we conducted simultaneous indoor and outdoor measurements of PM10,
PM2.5, CO, and NO2 at fixed locations together with cruise samplings along predesigned
routes at a shopping mall adjacent to a major road in Hong Kong, with aims to (1) examine
the indoor abundance of traffic-related air pollutants, (2) quantify the impact of outdoor air
pollution on indoor air quality, and (3) examine the spatial heterogeneity of air pollutants.

2. Methodology

The methodology includes (1) description of the sampling site; (2) study design and
field measurement; (3) instrumentation and quality control; (4) statistical analysis.
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2.1. Sampling Site

The selected shopping mall is located in an urban area of Hong Kong, surrounded by
major trunk roads, as shown in Figure 1. There are bus and minibus terminals around the
mall to facilitate transportation. Nearby the mall, with a 160 m distance, there is an Air
Quality Monitoring Station (AQMS) operated by the government.

 

Figure 1 Aerial view of the sampled mall and its surrounding environment. 

 

Sampled 

shopping mall

Bus terminal 
(under cover)

50m

Bus / mini-bus station

Outdoor fixed sensor 

Air quality 
monitoring station

Major trunk road

Major trunk road

M
ajor t

ru
nk ro

ad

Figure 1. Aerial view of the sampled mall and its surrounding environment.

The selected sampling site has 162 shops located on 3 floors—namely, G/F, UG/F
(upper-ground floor), and 1/F, occupying 300,000 sq. ft. in total. There are escalators and
lifts on both sides, which allow people to move from one floor to another. Facilities on G/F
included food court, bakeries, and restaurants, while UG/F and 1/F mainly are used for
retails and exhibition purposes. Smoking is prohibited at the mall. The opening hours of
this mall is from 10:00 to 22:00 on both weekday and weekend.

Similar to numerous other malls in Hong Kong [28], the selected shopping mall
uses centralized ventilation and air-conditioning system, which operate together with
an integrated heat, ventilation, and air conditioning (HVAC) system. The HVAC system
operates during opening hours and is turned off during non-opening hours. During
operation, the outdoor air is mixed with indoor air at a constant ratio of approximately
10%. The ventilation rate and chiller volume can be adjusted through fan and temperature
settings either locally by users or centrally by managers. Washable aluminum filters are
installed in the ventilation ducts to prevent dust blockage, which has a filtering efficiency
of approximately 40% for PM10 [29]. The mall staff takes shifts in the roster for 24 h. The
major cleaning work occurs in the early morning and during the night when the mall
is closed, which is one of the major infiltration pathways of outdoor air pollutants into
indoors. Other than that, outdoor air can also enter indoors through multiple entrances
that connect the mall with transportation hubs, outdoors, and above-ground footbridges
to other locations. The glass door of these entrances is open from time to time based on
entrance and exit, which may introduce outdoor air pollutants to the indoor environment.
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2.2. Study Design and Field Measurement

Simultaneous outdoor and indoor measurements were conducted continuously at the
selected shopping mall from 7 to 14 October 2017. The outdoor sampling location was
set near the air intake of the ventilation system. The indoor sampling was conducted in
parallel with two study designs, including (1) indoor sampling at a fixed location and (2)
indoor sampling with a cruise route. The fixed sampling location was set up nearby the
customer service center, which is a large open indoor area allowing air exchange among
3 floors, aiming to represent the general IAQ. The cruise sampling route, as shown in
Figure 2, started from the top floor (1/F) and covered all functional areas to the ground
floor (G/F). It was designed to cover the most spatial area in the selected shopping mall so
as to reflect the spatial heterogeneity of air pollutants.

 

Figure 2 Cruise sampling route over 3 floors and check points along the route Figure 2. Cruise sampling route over 3 floors and checkpoints along the route.

The outdoor and fixed indoor samplings were continuously conducted during the
sampling period, while the cruise sampling was conducted by an investigator from time to
time carrying a portable sensor box. A total of 13 checkpoints were set along the cruise
route—namely, A, B, and C on 1/F; D, E, F, G, and H on UG/F; I, J, K, L, and M on G/F,
which required a 5 min stay upon the researchers’ arrival. Among these points, 8 points
were located near to entrance or exit to the outdoor, 2 points at the open indoor area,
2 points at a relatively crowded area, and 1 point at a food court, as listed in Table 1.
Each trip of the cruise sampling took around 2 h to complete, which is comparable to
the time people spend in a shopping mall in Hong Kong. In this study, 15 trips of cruise
sampling, with a spread of sampling schedule in weekday/weekend, morning/afternoon,
meal/non-meal hours, during the measurement period, were completed.
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Table 1. Checkpoints of cruise sampling route inside the selected shopping mall.

Checkpoints Floor Category Description

A 1/F General area Indoor rest area
B 1/F Near to door Door #1 to courtyard
C 1/F Near to door Door #2 to courtyard
D UG/F Near to door Door #3 to outdoor footbridge
E UG/F Near to door Door #4 to outdoor footbridge
F UG/F General area Indoor atrium
G UG/F General area Indoor exhibition area
H UG/F General area Indoor corridor to shops
I G/F Near to door Door #5 to outdoor plaza
J G/F General area Indoor food court
K G/F Near to door Door #6 to bus terminal
L G/F Near to door Door #7 to outdoor plaza
M G/F Near to door Door #8 to outdoor plaza

Note: checkpoints with a distance less than 10 m apart from the entrance were considered “near to door”.

2.3. Instrument and Quality Control

Pollutants of PM10, PM2.5, CO, and NO2 were selected for all indoor and outdoor
measurements. Indoor and outdoor PM2.5 and PM10 levels were sampled by Aerocet 831
Handheld Particle Counter (Met One, Grants Pass, OR, USA) and model 212 Ambient
Particulate Profiler (Met One, Grants Pass, OR, USA), respectively. These counters measure
particulate matter by light-scattering methods. CO and NO2 were measured by sensor
models NO2-B4 and CO-B4 (Alphasense Ltd., Great Notley, UK). Indoor and outdoor
portable systems were developed by assembling these sensors on the same sensor boards.
The sensing systems were connected to the cloud platform for real-time data transmission.
Data obtained from sensors were in 1 min time resolution. Details of the detection range,
data resolution, and accuracy of sensors can be found in Table A1 in the Appendix A.

To assure data quality, laboratory and field performance tests were conducted. The
testing procedure was reported in previous studies [14,15,30]. In brief, during the laboratory
test, known concentrations of standard gases were supplied to NO2 and CO sensors to
check the consistency. For the field performance test, all sensors were compared with the
reference method in the AQMS operated by the Hong Kong Environmental Protection
Department. In both tests, the indoor and outdoor sensors achieved the accuracy defined
as specified. All indoor and outdoor portable systems were collocated for one hour before
and after the mall’s measurement campaign to further check consistency between sensors.
During collocation before and after the measurement, differences in average concentrations
of pollutants (PM10, PM2.5, CO, and NO2) recorded among sensors were less than 10%.

2.4. Statistical Analysis

The data collected at indoor and outdoor locations were merged into a database
and averaged on an hourly basis to enable comparison with data recorded at AQMS
station, which were obtained from governmental websites. Mean concentrations of selected
pollutants and their correlations were calculated during the opening period (10 a.m.–10
p.m.) and non-opening period (10 p.m.–10 a.m.) and were compared between indoor,
outdoor, and AQMS.

The indoor air pollutant concentrations were compared with HKIAQ, which was
set up by Hong Kong Environmental Protection Department in 2001 to promote IAQ
awareness and provide information on IAQ to the public. The latest version was released
in 2019 [31]. HKIAQ is targeted for short-term pollution assessment, with most guidelines
set for 8 h or 1 h average concentration.

Outdoor infiltration is determined by many factors, including air exchange rates,
penetration, removal by deposition, filtration, and other loss mechanisms [32]. However,
these factors are difficult to achieve or obtain in the real world. A typical practice of
quantifying outdoor infiltrations is using the infiltration factor (IF), which is an average
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fraction of outdoor pollutants that exist indoors over a period. IF can be inferred as the
slope from a linear regression between simultaneous indoor and outdoor concentrations of
a pollutant [32]:

Cin,p,t = IFp · Cout,p, t + Cna,p,t (1)

where, Cin,p,t = hourly indoor concentrations for pollutant p at hour t
(
µg/m3or ppb or ppm

)
;

IFp = infiltration factor for pollutant p; Cout,p,t = hourly outdoor concentrations for
pollutant p at hour t

(
µg/m3or ppb or ppm

)
; Cna,p,t = hourly indoor concentration of non-

ambient origin for pollutant p at time t
(
µg/m3or ppb or ppm

)
.

IF accounts for the overall impact of direct outdoor penetration and deposition,
filtration, and/or decay of the infiltrated pollutants over a period [15]. Such an equa-
tion is also applied in calculating IF for other microenvironments such as home and
school [14,15,17,26,32–34]. The IF in Equation (1) ranges from 0 to 1. The goodness of
fit was assessed using the coefficient of determination (R2), which indicates how much
variability in indoor concentrations can be explained by outdoor pollution.

The cruise sampling collected data in sequences, which reflect both spatial variations
along the sampling route as well as temporal variations during the sampling period. The
data were normalized by dividing corresponding measurements at the fixed indoor location
to remove impact from temporal variations, which was recommended for sequential
measurements [26]. For each trip, normalized ratios were calculated along the sampling
route for each pollutant using Equation (2).

R(l,p) =
ccruise, t, l,p

c f ixed, t,p
(2)

where, R(l,p) = Normalized ratio o f concentration at location l f or pollutant p; ccruise,t,l,p =

Concentration measured by curise sampling at time t and location l f or pollutant p (µg/m3

or ppb or ppm) ; c f ixed,t,p = Concentration measured at the f ixed indoor at time t f or pollutant
p
(
µg/m3or ppb or ppm

)
; l = location; P = pollutant, e.g., PM10, PM2.5, CO, NO2; t = time.

The calculated ratios were then averaged among 15 trips and were spatially plotted
for each pollutant.

3. Result and Discussion

This section includes (1) a summary of measurements, (2) assessment of outdoor
infiltration, (3) indoor spatial variations of particle and gaseous concentrations, and (4)
implications for indoor air quality management and IAQ sensor deployment.

3.1. Summary of Air Pollutant Measurements

In total, we collected 1344 h of pollution concentration data (168 h * 4 pollutants * 2
locations) from fixed sampling and 15 trips of repeated route pollution concentration, with
each around 2 h. The data collected from fixed sampling were continuously conducted
including weekday and weekend, opening hours, and non-opening hours. Compared with
previous IAQ study at malls [35], which was conducted in a segment of time such as one
hour, the long and continuous measurement in this study provided useful information on
understanding the variations of pollutants in the mall, such as opening and non-opening
period, meal times, and cleaning events, as shown in Figure 3.
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Figure 3 Hourly data of PM10 during side-by-side comparison period and parallel sampling period.   

Note: Cruise sampling sensor was put near the fixed indoor sensor when it was not in used for walk through inspection. 

Figure 3. Hourly data of PM10 during the side-by-side comparison period and parallel sampling period. Note: The cruise
sampling sensor was put near the fixed indoor sensor when it was not in use for walkthrough inspection.

Figure 4 summarizes the hourly concentrations of PM10, PM2.5, CO, and NO2 sampled
at fixed indoor and outdoor locations, together with concentrations recorded at AQMS,
using box and whisker plots. The average PM10 concentrations during the sampling pe-
riod were 27.0 µg/m3, 43.2 µg/m3, and 30.8 µg/m3 at mall indoor, outdoor, and AQMS,
respectively. Compared with the previous study conducted in the 1990s [35], PM10 con-
centrations measured in this study were substantially lower. This may be related to a
few reasons. First, smoking is banned in shopping malls in Hong Kong since 2006 [36],
which was expected to be one of the indoor sources of PM10 within malls [18]. Second,
outdoor PM10 concentration has been improved due to governments’ efforts in reducing
pollution in recent years, especially measures in reducing vehicular emissions. For example,
82,000 pre-Euro IV diesel commercial vehicles were phased out between 2014 to 2019 to
reduce PM pollution [37]. Together with other measures such as the enforcement of tighter
emission standards, replacement of catalytic converters, as well as oxygen sensors of liq-
uefied petroleum gas (LPG) taxis and light buses [38], the PM10 concentrations measured
at roadside has dropped by approximately 30% from 2013 to 2018, based on government
monitoring stations [39]. Moreover, the mean indoor PM10 concentrations were 39% lower
than outdoor during opening hours, which is equivalent to the filtration efficiency of the
installed filter. The improved outdoor PM10 air quality, together with filters installed in the
ventilation system, contributes to the lower indoor PM10 concentrations observed in the
selected shopping mall, which complied with the “Good class” of HKIAQ guideline for 8 h
PM10 concentration of 100 µg/m3 during the whole sampling period [31]. As shown in
Table A2, indoor PM10 concentrations were moderately correlated with outdoor concentra-
tion (r = 0.5) during opening hours but weakly correlated (r = 0.21) during non-opening
hours, suggesting closer correlation with outdoor pollution when mechanical ventilation
was turned on.
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Figure 4 Air quality of mall (indoor), mall (outdoor) and nearby air quality monitoring station using hourly data during 

sampling period 
Figure 4. The air quality of mall (indoor), mall (outdoor), and nearby air quality monitoring stations using hourly data
during the sampling period.

The mean PM2.5 concentrations during opening hours were 20.1 µg/m3 and
27.7 µg/m3, respectively, at the fixed indoor and outdoor locations of the selected shopping
mall. Indoor and outdoor PM2.5 concentrations were highly correlated with a Pearson
correlation coefficient of 0.81. Indoor PM2.5 concentrations were, on average, 20% higher
during the dinner period (7 pm to 9 pm) than other periods, suggesting intensified emis-
sions from indoor sources, such as cooking and resuspension of particles due to increased
people traffic. Occupancy was not recorded in this study due to concerns of intrusiveness
and being labor intensive. Further research is needed to investigate the impacts of this
parameter with feasible indicative methods. The correlation coefficient of indoor and
outdoor PM2.5 concentrations was 0.6 during the non-opening period, which was lower
than that observed during opening hours, indicating that fine particles were less affected by
outdoor during non-opening hours. This is probably due to the closure of the ventilation
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system during non-opening hours, which blocked the main channel of infiltration from
outdoor pollution.

The mean indoor and outdoor CO concentrations were 0.9 ppm and 0.6 ppm during
opening hours, respectively, with a low correlation of 0.15. The indoor CO concentrations
were higher than outdoor indicating there were indoor sources. CO is generated mainly
from combustion, such as cooking from food services. The indoor CO concentrations were
observed to be right skewed, as reflected by the median position in the box plot. The average
CO concentration was 1.4 ppm during the dinner period, which was 75% higher than that
of 0.8 ppm in other periods, suggesting intensified indoor generation of CO during cooking
periods. Compared with previous studies, which reported indoor CO concentrations from
0.8 ppm to 4.5 ppm [35], the CO concentrations at the selected shopping mall were relatively
lower, ranging from 0.4 ppm to 1.9 ppm. The lower concentrations observed in this study
may be caused by the smoking ban and improvement in outdoor air quality, similar to those
of PM10. The indoor CO concentrations observed in this study complied with the “Excellent
Class” of the HKIAQ guideline during the whole sampling period.

The mean NO2 concentrations during opening hours were 16.8 ppb and 28.1 ppb,
respectively, at the fixed indoor and outdoor locations of the selected shopping mall, with
moderate correlation (r = 0.61). The indoor NO2 concentrations were 40% lower than
outdoors during opening hours and 27% lower than outdoors during non-opening hours.
There were no specific gas filters installed in the ventilation system. However, previous
studies indicate that NO2 may be consumed by reacting with indoor surfaces [40]. Thus,
the reduction in indoor NO2 may be related to the reactions with surfaces in the shopping
mall, as well as surfaces in the ventilation system. The hourly indoor NO2 concentrations
complied with the “Excellent Class” of the HKIAQ guideline on hourly NO2 of 100 µg/m3

(approximately 53 ppb) during the whole sampling period.
Low-to-moderate correlations (r = 0.32~0.64) of pollutants concentrations were found

between the fixed sampling location of the mall and AQMS in both opening and non-
opening periods. The outdoor concentrations of PM10, PM2.5, CO, and NO2 were generally
higher than those recorded at the nearby air quality monitoring station (AQMS). Although
close in proximity (<200 m), the outdoor sampling location at the selected shopping mall
is much closer to the road traffic conditions than the AQMS. The sampling height of the
outdoor sensor is one floor (approximately 4 m) above the ground, while the AQMS is
four floors above the ground. The lower sampling height of the outdoor sensor makes it
closer to traffic-related pollutants, such as PM, CO, and NO2. Since the outdoor sensor
was allocated in close proximity to the air intake of the ventilation system in the selected
shopping mall, the higher pollution concentrations observed from the outdoor sensor
indicated that the mall is more subjected to the near-ground air pollution, and the results
would be underestimated if using AQMS as an indicator of its air quality.

3.2. Outdoor Infiltration of Pollutants

Outdoor infiltrations during opening hours were estimated based on linear regression,
as shown in Figure 5, with scatter plots of the hourly indoor and outdoor concentrations for
each pollutant. As observed in Section 3.1, the indoor emission was intensified during the
dinner period, which may impair the fitting power of the linear regression models. For a
better understanding of the impact of outdoor pollution, infiltration factors were estimated
using data collected beyond the dinner period.
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Figure 5 Scatter plot of hourly indoor and outdoor pollutant concentrations together with infiltration estimated during opening period (dinner data excluded)  

Figure 5. Scatter plot of hourly indoor and outdoor pollutant concentrations together with infiltration estimated during the
opening period (dinner data excluded).

The estimated infiltration factor for PM10 and PM2.5 was 0.53 and 0.75 for the selected
shopping mall during opening hours, indicating 53% and 75% of the outdoor PM10 and
PM2.5 infiltrated into the selected shopping mall. The filters installed in the HVAC system
are less efficient in capturing fine particles than coarse particles, which may contribute to
the higher infiltration found for PM2.5. Further, particles with different sizes may differ in
their penetration and deposition, which may also contribute to the differences in overall
infiltration. The infiltrated outdoor PM10 and PM2.5, which are estimated based on the
infiltration factor multiplied by the outdoor concentration, contributed to more than 80%
of the indoor observed indoor concentrations during the non-dinner period. This indicates
that the indoor PM concentrations in the selected mall were dominantly affected by outdoor
particle pollution.

The PM infiltration factors observed at the selected site were comparable with our
measurements at homes and schools in Hong Kong. For example, the mean PM2.5 infil-
tration factor was 0.75 among 49 measured homes in Hong Kong, which is similar to the
infiltration observed in this study [15]. Infiltration factors ranged from 0.44 to 0.63 for
PM10 and from 0.53 to 0.79 for PM2.5 among 32 public schools in Hong Kong [14]. The
filters installed at these microenvironments were typically low-efficiency filters, which
may contribute to a generally high infiltration of PM observed in these studies. In contrast,
the PM infiltrations were much lower in an office building that installed high-efficiency
particulate air (HEPA) filters, with infiltration less than 0.3 for PM10 and less than 0.4 for
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PM2.5 [41]. This indicates that efficient filters may help to reduce outdoor infiltration of
particle pollution, which is a serious health threat in urban areas.

The estimated infiltration factor for NO2 was 0.57, indicating that 57% of the outdoor
NO2 infiltrated into the selected shopping mall during the opening period. The intercept was
not significantly different from zero, suggesting the contribution from indoor sources was
minor, as seen in Table S1. The estimated NO2 infiltration was comparable to the average
infiltration of 0.53 in our home study [15] but was higher than those observed at schools
(0.24–0.36) [14]. As mentioned in the previous section and our previous studies [14,15], low
outdoor infiltration of NO2 could be related to indoor chemistry. NO2 is reactive and
could be removed with a wide range of species through complex chemical reactions that
occur on the building envelope and indoor surfaces [42,43]. Additional measurements with
experiments on specific factors are needed for an in-depth understanding of the underlying
mechanisms behind outdoor infiltration.

The goodness of fit of the linear regression for CO is relatively low, with an R2 of
0.11, leaving a large portion of variations unexplained. The CO concentrations were
lower than 1 ppm most of the time during the sampling period, which did not give a
sufficient concentration span to build a model. Since the measurement period is relatively
short, longer field measurements are recommended in the future to better capture the
variations in air pollution. However, mean indoor CO concentrations were higher than
outdoor concentrations during the non-dinner period, suggesting a contribution from
indoor sources.

3.3. Spatial Heterogeneity Analysis

The spatial distribution of pollutant concentration ratio at the selected shopping mall
was calculated based on 15 trips and plotted for PM10, PM2.5, CO, and NO2 in Figures 6–9,
respectively.

 

Figure 6 Map of average PM10 normalized ratio based on 15 trips of cruise sampling 

 

Figure 6. Map of average PM10 normalized ratio based on 15 trips of cruise sampling.
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Figure 7 Map of average PM2.5 normalized ratio based on 15 trips of cruise sampling Figure 7. Map of average PM2.5 normalized ratio based on 15 trips of cruise sampling.

 

Figure 8 Map of average CO normalized ratio based on 16 trips of cruise sampling 

 

 

Figure 8. Map of average CO normalized ratio based on 16 trips of cruise sampling.
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 Figure 9 Map of average NO2 normalized ratio based on 15 trips of cruise sampling Figure 9. Map of average NO2 normalized ratio based on 15 trips of cruise sampling.

Substantial spatial variations were observed for PM10, with an average normalized
concentration ratio between 0.79 and 1.79 along the sampling route. Locations with normal-
ized ratios higher than 1 indicate higher pollutant concentrations at those places compared
to the reference point, which was the fixed sampling site near the customer service counter.
Higher PM10 concentrations were found at places where higher people traffic was ob-
served, such as food court (checkpoint J) and major entrances (checkpoints M, K, and L).
PM10 can be generated through the resuspension of pre-loaded dust. Higher people traffic
may lead to a larger portion of resuspended particles and thus contribute to higher PM10
concentrations. Another hot spot with high PM10 concentrations was found in a goods
delivery area (checkpoint C), which may be related to the particle generation through
mechanical processes related to loading and unloading goods. The PM10 concentration at
checkpoint C was 33% higher than average, indicating the impact of duty-related activities
on nearby particle concentration. High PM10 concentrations were also observed in an area
near checkpoint E, which is the end of the shopping pathway and could be related to an
accumulation of dust.

Spatial variations were also found for PM2.5, with an average normalized concentra-
tion ratio between 0.88 and 1.42 along the sampling route. PM2.5 concentrations on the
ground floor were, on average, 27% higher than the other two floors. The major dining
area was located at G/F, where restaurants were mainly gathered. Indoor PM2.5 was
likely to be generated by the cooking activities, which was supported by the higher PM2.5
concentrations observed during the dinner period. High PM2.5 concentrations were also
observed in the corner area near checkpoint E, which is similar to PM10. However, PM2.5
concentrations in the goods delivery area were not substantially higher, which indicated
that the mechanical process is not a major source for fine particles.
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The average CO concentration varied from 0.5 ppm to 1.2 ppm, with average normal-
ized concentration ratio between 0.85 and 1.22 along the sampling route. CO concentrations
on the ground floor were, on average, 29% higher than the other two floors, indicating the
impact of cooking activities of the food court. The intra-floor variations in CO concentra-
tions were limited, suggesting the mixed nature of gases.

Substantial spatial heterogeneity of NO2 was observed, with an average normalized
ratio between 0.66 and 1.83 along the sampling route. Higher NO2 concentrations were
found at areas near to entrances from outdoor, indicating impact from outdoor pollution.
Larger spatial variations were found for NO2 than other selected pollutants. NO2 can
react with a series of chemicals presented indoor. Part of the spatial heterogeneity of NO2
concentrations may be related to the intensity of NO2 chemistry, which would be of interest
for further investigation.

Figure 10 shows the group mean and standard deviation of ratios between concen-
trations measured at checkpoints and the fixed location at the customer service center
for PM10, PM2.5, CO, and NO2. The ratios for pollutant concentrations at checkpoints in
the general area were not significantly different than unity, indicating they are similar to
the air quality measured at the fixed point. However, the ratios for checkpoints near to
door were 30% to 60% higher than unity for PM10, PM2.5, and NO2, suggesting higher
pollutant concentrations at these locations compared with the general area. These places
were subject to frequent indoor and outdoor air exchange, which may introduce more
outdoor air pollutants. During the measurements, the entrance doors were sometimes left
open, which may increase the intrusion of outdoor pollution. Ratios for CO were close to 1
at all checkpoints, indicating well-mixed nature and dominant impact from indoor sources.

 

Figure 10 Mean and standard deviation of concentration ratio between checkpoints and fixed indoor location 
Figure 10. Mean and standard deviation of concentration ratio between checkpoints and fixed
indoor location.

3.4. Implications for Indoor Air Quality Management and IAQ Sensor Deployment

Regression analysis on the observed data showed that outdoor pollution is a dominant
contributor to pollutants inside the selected mall, especially for PM. The cruise sampling
data further demonstrated that PM concentrations at entrances, where un-filtered air
may be introduced through the use of doors, were substantially higher than other indoor
locations. Therefore, measures to reduce outdoor infiltration at entrances, such as installing
automatic doors, should be prioritized for indoor air improvement in the selected building.
Some pollution hot spots were identified for PM and CO, which were related to cooking
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and good delivery. Measures either to reduce source emission or enhance the removing
process are needed for air quality concerns of these pollutants. For example, adding a
filtering facility at hot spots may help to further reduce the intrusion of outdoor pollution.
A study suggested that a vertical air curtain with a filtration function at bus stops may help
to filter PM2.5 up to 70% [44]. It would be of interest to investigate how such an air curtain
can help improve air quality at hot spots, as well as door entrances in a building setup.

Monitoring air quality in buildings has received increasing attention in recent years.
However, questions remain on how to set up such a monitoring system that can better
represent building air quality. With the limited data collected from a single site, we did not
attempt to develop guidelines that would work for all mechanically ventilated buildings;
however, results in this study provide useful insights on this issue. Similar temporal trends
were found for both PM and gases between cruise sampling and fixed sampling, as seen in
Figure 11, with differences in a trip average concentration less than 25% in the majority of
the time for PM10 (12 out of 15 tips), PM2.5 (13 out of 15 tips), CO (14 out of 15 tips), and
NO2 (8 out of 15 tips). This indicates that by carefully selecting the sampling location, one
fixed sensor would be able to reflect general air quality in a building. However, spatial
variations were also observed in pollutants’ concentrations during cruise sampling. Higher
pollutant concentrations were observed at places near doors or indoor sources, on average
30% to 60% higher than general areas. Such differences may be enlarged during emission
periods, as illustrated by trips 8 and 9, which were conducted during dinner hours. These
places can be potential monitoring locations when additional sensors are available for a
better understanding of the intensity and impact of indoor sources. A cruise sampling
design with a few repeated measurements was able to identify hot spots, which would be
useful in suggesting possible monitoring locations before sensor deployment.

 

Figure 11 Time-series of pollutants concentrations (in 1-mintutes interval) together with trip average differences (%) 

between fixed and cruise sampling across 15 trips 

 

Figure 11. Time-series of pollutants concentrations (in 1 min interval), together with trip average differences (%) of 15 trips (T).
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4. Conclusions

Shopping malls are one of the important activity nodes in which people spend their
time and thus are critical for understanding people’s exposure to air pollution. This study
addressed the knowledge gaps of outdoor infiltration and spatial heterogeneity for particles
and gases in shopping malls by a comprehensive indoor and outdoor air quality evaluation.
Compared with the last reported shopping mall measurements in Hong Kong, which
were conducted 20 years ago, pollutant concentrations were substantially lower in this
study. This could be attributed to the improvement of outdoor air quality, as well as indoor
source controls such as the smoking ban. Nevertheless, outdoor pollution still dominates
indoor air quality. Regression analysis on simultaneous indoor and outdoor measurements
suggests that 75% of PM2.5, 53% of PM10, and 59% of NO2 were infiltrated into the mall
during opening hours. Measures to reduce outdoor infiltration, such as installing filters
with higher filtration efficiency and air purification at entrances, should be prioritized for
air quality improvement inside shopping malls. Our fixed and cruise sampling provides
unique information on spatial heterogeneity in shopping malls and thus may provide
insights on sensor deployment for routine air quality monitoring. Concentration differences
between fixed and cruise sampling were less than 25% for most of the trips conducted in
the selected mall, indicating that by carefully selecting the sampling location, one fixed
sensor would be able to reflect general air quality in a shopping mall. Meanwhile, a few
hot spots were identified near entrances and indoor sources, with concentrations higher
than general areas by 30% to 60% on average. These places can be potential monitoring
locations when additional sensors are available for a better understanding of the intensity
and impact of indoor sources. Our study provides new data and methods to advance the
understanding of indoor air quality in shopping malls.
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Appendix A

Table A1. Detection range, data resolution, and accuracy of sensors.

Air Parameter Detection Range Data Resolution Accuracy

PM2.5 0–1000 µg/m3 0.1 µg/m3 ±10% to calibration aerosol
PM10 0–1000 µg/m3 0.1 µg/m3 ±10% to calibration aerosol

CO 0–1000 ppm 0.01 ppm ±0.05 ppm or 15% of measured
concentration

NO2 0–20 ppm 1 ppb ±10 ppb or 15% of measured
concentration

Table A2. Pearson correlation coefficients of pollutants concentration between mall (indoor) with
mall (outdoor), and mall (outdoor) with AQMS during the sampling period.

Pollutants
Mall (Indoor) and Mall (Outdoor) Mall (Outdoor) and AQMS

Opening Non-Opening Opening Non-Opening

PM10 0.50 0.21 0.64 0.59
PM2.5 0.81 0.60 0.64 0.57

CO 0.15 0.60 0.40 0.32
NO2 0.61 0.30 0.41 0.42

Note: AQMS refers to the nearby air quality monitoring station shown in Figure 1.
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