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Abstract

This study investigates indoor and outdoor air quality monitoring in a student dormitory
located in northern Milan (Italy) using low-cost sensors. This research compares two mon-
itoring periods in June and October 2024 to examine common PM:s vertical patterns and
differences at the building level, as well as their influence on the indoor spaces at the cor-
responding positions. In each period, around 30 sensors were installed at various heights
and orientations across indoor and outdoor spots for 2 weeks to capture spatial variations
around the building. Meanwhile, qualitative surveys on occupation presence, satisfaction,
and well-being were distributed in selected rooms. The analysis of PM2s data reveals that
the building’s lower floors tended to have slightly higher outdoor PM:zs5 concentrations,
while the upper floors generally had lower PM:sindoor/outdoor (I/O) ratios, with the top-
floor rooms often below 1. High outdoor humidity reduced PM infiltration, but when out-
door PM fell below 20 pg/m? in these two periods, indoor sources became dominant, es-
pecially on the lower floors. Air pressure I/O differences had minimal impact on PM251/O
ratios, though slightly positive indoor pressure might help prevent indoor PM infiltration.
Lower ventilation in Period-2 possibly contributed to more reported symptoms, espe-
cially in rooms with higher PM from shared kitchens. While outdoor air quality affects
IAQ, occupant behavior —especially window opening and ventilation management—re-
mains crucial in minimizing indoor pollutants. Users can also manage exposure by venti-
lating at night based on comfort and avoiding periods of high outdoor PM.

Keywords: indoor air quality; particulate matter; student house; residential building; low-
cost sensors; monitoring activity

1. Introduction

At the international level, indoor air quality (IAQ) is attracting more and more atten-
tion as it is estimated that most people spend more than 80% of their lifetime indoors, and
this is particularly relevant in residential environments where individuals live more than
65% of their time, with vulnerable populations and remote workers (e.g., those engaged
in smart working [1]) spending even more time indoors [2—4], and air quality is an im-
portant aspect of a healthy living environment. However, when discussing IAQ in urban
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areas, it is impossible to ignore the influence of outdoor air pollution as the urban build-
ings are immersed in an urban atmosphere mixed with emissions from various sources.

This research is related to one of the multiple monitoring activities conducted in 2024
in some student houses, aiming to analyze the impact of the spatial distribution of urban
air pollution on IAQ in residential buildings, with a focus on users’ well-being, comparing
the indoor and outdoor pollutant concentrations. The collection of data by monitoring and
questionnaires is authorized by the Ethical Committee of Politecnico di Milano and by the
representatives of Campus Life (staff related to the student houses” management) of the
same university.

This paper includes the analysis of the data in two representative periods in 2024
from the monitoring activities mentioned above. The first period extended from the 5th to
the 19th of June 2024, when there was a dust intrusion event reported [5], as Figure 1
shows. The second period extended from the 16th to the 30th of October 2024 in the same
facility. The monitored site was not in the range of the dust intrusion path, so the influence
was not severe, but it still left evidence during the monitoring period. The comparison of
these two periods helps us to identify the common phenomena of indoor and outdoor PM
distributions.

CAMS Regional Ensemble Forecast daily max dust at Om:
20240611T00 valid for 2024-06-13
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Figure 1. The sandstorm forecast by CAMS [5]. Image source: Copernicus Atmosphere Monitoring
Service (CAMS), implemented by ECMWFEF. © European Union, 2024. Licensed under CC BY 4.0.
The adaptation by author added the location of Milan in the image.

The dust forecast associated with the sandstorm was published on 11 June 2024, and
the northern part of Italy was not on the path of the sandstorm, as can be seen in Figure 1.
On 12 June, during the daily checks on the devices in the facilities, there were already a
few spots of red dust leftovers on the surface of the external devices, with water stains
after the rains, and the sky appeared brown in color. This dust was not observed during
any other monitoring period.
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1.1. Literature Review Content and Previous Research on PM Vertical Distribution

In terms of the vertical PM distribution pattern, there have been many previous stud-
ies, but most of them were in the field of atmospheric research, which covers the height
level of 500 to 1000 m above ground. A few studies have conducted monitoring at the
surface level, close to the height of buildings, but they have many limitations.

Regarding the previous research, some studies recorded that the PM level at the sur-
face level (in the range lower than 100 m above ground) had a decreasing trend when
height increased. Babaan et al. conducted PM25 monitoring using an unmanned aerial ve-
hicle (UAV) on 22 March 2017 in Metro Manila, Philippines (14°35' N, 121°01" E) [6]. All
data were collected during a single flight, lasting 14 min and 41 s, in the late morning
(although the exact time of day was not specified). Their results showed that PM25 con-
centrations varied with altitudes between 100 and 400 m. These results showed decreasing
trends from 70 m to 180 m, from around 6.7 to 5.2 ug/m3; then, they showed an increase
to 7.8 at around 260 m, followed by a continuously decrease to 4.0 pg/m? until around 430
m. For the surface level, the results showed a decreasing trend under 200 m; however, the
overall variation was relatively minor, ranging from 4 to 8 pg/m3. Since the measurements
represented only a brief 15 min window, the data were limited in capturing broader tem-
poral or meteorological variations.

However, these trends are not fixed as there has also been research that found a
higher level at the ground height than at the higher spots. In 2020, Choomanee et al. found
that PM levels tended to increase with height from 30 to 110 m during the monsoon season
in Bangkok, Thailand (13.85° N, 100.57° E) [7]. Although a positive correlation between
height and PM:2s5 concentration was observed in both the daytime and the nighttime, the
daytime PM:2s average levels increased from around 7 pg/m? at 30 m (with 95% data from
4.5 t0 9.7 ug/m? range) to 10 pug/m3at 110 m (with 95% data from 5.5 to 14 pg/m3), and the
nighttime average levels increased from 5 pg/m? at 30 m (from 4 to 7.8 ug/m?) to 7.5 ug/m?
at 110 m (from 5 to 11 pg/m?3). The overall concentration ranged from 5 to 15 ug/m3, with
only about 5 pug/m? of variation. This subtle and commonly occurring variation, likely in-
fluenced by frequent precipitation during the monsoon period, rendered the findings less
conclusive in demonstrating a distinct vertical distribution of PMzs.

It was also found that the dynamic distribution pattern varies at different periods of
the day. The PM has a higher concentration at ground level during the nighttime, and it
reverses during the daytime. In 2015, Han et al. performed continuous PM:s monitoring
over two weeks in the winter of 2009 using a meteorological tower in Tianjin, China (39°04'
N, 117°12" E), at different height levels: ground, 40 m, 120 m, and 220 m [8]. Daily patterns
across different heights revealed a consistent trend: PM2s concentrations increased in the
evening, peaking at 100 to 110 ug/m? at approximately 7:30 a.m., and decreased during
daytime hours till around 60 to 75 ug/m? at around 5:00 p.m., aligning with sunrise and
sunset times, respectively (UTC+08:00). Meanwhile, higher monitoring altitudes corre-
sponded to higher PM:s levels during the day, whereas the opposite trend—lower con-
centrations at higher altitudes —was observed during the evening and nighttime hours.

In a subsequent study, in 2018, Han et al. also found that precipitation during haze
and fog (HF) events removes PM2sto a greater degree at a higher level than at the ground
level [9]. They conducted monitoring from 29th December 2016 to 11th January 2017 in
Tianjin, using the meteorological tower, at different height levels: ground, 120 m, and 200
m. This period coincided with a heavy HF event. PM2s concentrations during this time
were significantly higher than those recorded in the Philippines and Thailand, peaking at
nearly 500 pg/m?. The elevated concentrations were likely attributable to the HF event, the
region’s status as a major industrial hub, and the seasonally low atmospheric boundary
layer (ABL) during winter. With the two rainy periods recorded, on sunny days, the PM2s
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levels were always higher than those at the ground at 200 m levels around, and during
rainy days, the ground level had higher results than the high points at 120 and 200 m.

In 2019, Lu et al. found the fluctuation of PMzs at different height levels under 1000
m above ground and at different times of the day [10]. They carried out PM2s monitoring
on five individual days between August 2014 and February 2015 in Lin’an (China, 30.23°
N, 119.71° E). On each day, four separate UAV (unmanned aerial vehicle) flights were
conducted, ranging from early morning to late afternoon, with flights covering heights
from the ground to 1000 m, reading every 100 m. Data from these flights consistently
showed that PM25 concentrations decreased with the increasing altitude. Notably, the
early morning flights, especially during the winter season, revealed both higher PM2s lev-
els and greater vertical variability. Throughout the daytime, the concentrations stabilized
but continued to exhibit a decreasing trend with increasing height. Although these results
were different from those of Han et al., with reversed distribution trends [8], the data by
Lu et al. still recorded the influence of ABL height variations [10].

Samad et al. introduced a tethered balloon system to monitor PM2sconcentrations on
the 8th and 9th July 2020 in Stuttgart (Germany, 48°46’ N, 9°10" E), monitoring constantly
within a height of 500 m [11]. Their research showed the changes of the ABL during its
formation and dissociations with the changes in PMas concentration, which follows the
theory of the boundary layer with mixed air pollutants [8,12,13]. During the evening and
nighttime, the PM2s level kept increasing with the decrease in height, especially at the
surface level below 100 m. Then, during the daytime, in the morning, the PM changed
between 8:00 a.m. to 12:00 p.m., increasing at a higher level above 300 m, showing the
influences of convection with solar exposures in the morning, and the decrease at the
lower level was due to the rise of the inversion layer (IL) and the increase in the ABL.

In addition, there are a few studies at the surface level with buildings and street can-
yons. In the study conducted in 2023 by Miao et al., continuous monitoring was carried
out in Shenyang (China, 41°46' N, 123°24' E) within a single building at three different
heights—1.5 m, 27 m, and 69 m above ground level —over the span of one year, divided
into four seasonal periods [14]. The results showed that the average concentrations of both
PM:5 and PMio were significantly higher during the winter season compared to the other
three seasons. Notably, in all seasons, concentrations were highest at 69 m, followed by
the ground level (1.5 m), and lowest at the intermediate height of 27 m.

There were another two studies by Cichowicz and Dobrzanski, one in 2020 monitor-
ing indoor and outdoor fagades, facing north and south, inside a university building with
an height of around 30 m [15], and another in 2021, with UAV monitoring the urban dis-
trict close to a local factory in Lodz (Poland, 51°46' N 19°27' E) [16]. In the results from
2020, two in three series of data on different days showed negative trends between PM:s
and a height of 30 m, with variations at different heights; and another series of data shows
a uniform level at all height points [15]. In addition, they included the indoor data in the
common spaces of the building. The indoor data basically followed the outdoor levels at
all heights and were slightly lower than the outside data. In addition, in their work in
2021, monitoring with a UAV in the district close to a local factory, at a height within 50
m, showed a different result: the higher the altitude, the higher the PM2s concentrations,
with a constant increase trend [16]. In summary, the vertical distribution of PM2s5does not
have a fixed trend with the increase in height in the urban area, which depends on the
weather and climate of the regions, the time of the year, and the days with the variation
of the ABL, as well as the source of the PM emissions. However, we can see in the studies
that ground levels within 20 m tend to have a higher level in the building scale range,
even if the level within 100 m is at similar levels to those of the entire atmospheric distri-
bution.
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Moreover, the studies on the urban vertical pollutants distribution usually did not
include indoor monitoring results, as building floors represent only a small portion of the
atmosphere. It was difficult to account for the indoor factors in the air pollutant data, es-
pecially with limited devices and different monitoring methods for indoor and outdoor
monitoring. Also, there has been little research focusing simultaneously on the vertical
distribution of ambient PM and IAQ, and the monitoring approaches for indoor and out-
door air quality differ significantly.

1.2. The Aim of This Research

This research aims to present the results of the current stage of the air quality moni-
toring activity inside the student accommodation facility and the influence of PM2s's ver-
tical distribution patterns at different building height levels on the IAQ in the residential
buildings. By analyzing the data from this facility as a case study, we found some common
PM:s distribution patterns and their indoor influence on different floors, along with the
involvement of other environmental parameters.

Furthermore, this study attempts to determine how these distribution patterns can
affect the occupants” well-being and health in indoor settings, as well as how we might
improve the architectural strategies.

2. Methods

This research carried out monitoring activities in two periods (Period-1 from the 5th
to the 19th of June 2024, and Period-2 from the 16th to the 30th of October 2024) in a stu-
dent residence managed by Politecnico di Milano. The monitoring activities in each period
deployed approximately 30 devices equipped with low-cost sensors, measuring the air
quality condition across various floors and orientations of the building, with paired in-
door and outdoor measurements from each selected room. This quantitative data was
complemented by the survey results regarding the occupancy status of users in the se-
lected rooms, along with their recent health condition and perception of the IAQ during
the monitored periods.

2.1. The Student House as the Fieldwork Site

The measurement was conducted in a student accommodation, located in the north-
west area of Milan, consisting of 2 building blocks, with 1 lower block, 4 floors high, and
1 tower, 11 floors high, and a semi-underground basement.

In the student accommodation, according to the standards defined by the Italian Min-
istry of University and Research [17], each unit contains single-occupancy bedrooms and
a shared living room with a cooking area (Figures 2 and 3), shared by 4 to 6 students per
unit. The living rooms in each unit are usually around 20 to 25 m?, with 1 sofa, 1 table and
4 to 6 chairs for dining, 1 closet for storage, 1 refrigerator for the residents in 1 unit, 1
microwave, and 1 induction cooker for 4 spots combined with an oven beneath and a
range hood above. No open-flame cookers are installed. Most living rooms are connected
to an open-air balcony. The bedrooms selected for monitoring are similar in dimensions
and layout, as Figure 2 shows. They are typically furnished with a single bed, a closet, a
bookshelf, and a desk [18].
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Figure 3. The device deployment positions in the building (figure elaborated by the authors).

The HVAC system in the facility is divided into ventilation with cooling and heating,
respectively, centrally controlled by each unit and the central system in the entire facility.
According to the manager of this facility and the site inspections during the installation of
devices, in Period-1, neither the cooling nor the heating was operational; and in Period-2,
the heating started working based on the urban heating calendar of Comune di Milano
[19]. The central heating calendar was from 15 October 2024 to 15 April 2025, every day
from 5:00 a.m. to 11:00 p.m., and for the student house, the upper limit for heating was
around 19 °C.

Another additional but important piece of information about this student house was
that the months of July and August were the end of the academic year; therefore, this is
the period when the student residence has a resident turnover. The regulation of the stu-
dent house requires changes of residents around every half a year to provide accommo-
dations for new students. This means the residents in Period-1 in June were partly differ-
ent from those in Period-2, with different daily schedules and living habits, which may
influence the IAQ results.
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2.2. Monitoring Devices, Measurement Parameters, and Calibration

We deployed devices assembled with low-cost sensors based on a comprehensive
systematic review of sensor specifications and residential applications [20]. Details of the
sensor configurations involved are provided in Table 1. The device was designed to record
the following parameters: (1) SCD41 by Sensirion for temperature (T), relative humidity
(RH), and carbon dioxide (CO2); (2) BME680 by Bosch for air pressure (AP); (3) PMS5003T
by Plantower for PMzs and PMio. There were other parameters that are excluded from the
scope of this study.

Table 1. The configuration of the included sensors.

Type Ref. Target Range Accuracy Images
CO:2 400 to 5000 ppm  +50 ppm +2.5% %
1 SCD413  [21] Temperature -10 to 60 °C +0.8 °C
Humidity 0 to 100% +6%

2 BME680' [22] Airpressure 300to1100hPa  +0.12 hpa

PM2s 0to 500 ug/m?3  +10%

PMS

3 5003T 12 [23]

PMuo 0to 500 ug/m3  +10%

Notes. ! The additional readings of temperature and humidity from BME680 and PMS5003T are not
included as the results. 2 PMS5003T can also measure particle numbers and PMi, but they are not
included in this work as these parameters were not covered by the reference device in the calibration
process [23]. 3 The SCD41 sensor mainly covers a range from 400 to 5000 ppm, but its output covers
0 to 40,000 ppm [21], with lower accuracy outside of the indicated range.

The devices deployed were calibrated using a reference device, a portable weather
station branded “FengTu”, with all the measurement devices and reference devices co-
located together on the same table for 2 weeks. The calibration of parameters employed
linear regression for T, RH, and AP, and decision tree regression for the CO2, PM2s5, and
PMuo to calibrate the data from the sensors according to the data from the reference device.

For the calibration of all the parameters and devices, the RMSE (root mean squared
error) was calculated between the measured data and calibrated data, relative to the ref-
erence data. The calibrations of T, RH, and AP used linear regression, with the average
RMSE among all 33 devices calibrated from 1.3444 to 0.4342 °C for T, from 5.7684 to
1.2586% for RH, and from 2.7218 to 2.5520 hPa for AP. As for the COz, PM25, and PMuo,
random forest regression was applied for calibration, with the mean RMSE from 236.6440
t0 99.0231 ppm for COy, from 8.7222 to 3.0782 pg/m3 for PMzs, and from 7.2817 to 3.8731
pg/m?3 for PMio.

The calibration process was limited in covering the full range in the fieldwork, which
may lead to inaccurate readings outside of the covered range. For example, the indoor
humidity with the natural ventilation varies from 40 to 80% during the calibration period,
so the condition of high outdoor RH exceeding 85% during the rainy period may not be
calibrated accurately. Similarly, with CO, the concentration range of CO: extended from
400 to 2000 ppm during the calibration periods, but in the fieldwork, monitoring briefly
exceeded 2300 ppm, which may not be accurately calibrated.

2.3. The 2 Monitoring Periods and Monitoring Spot Selection

The data included in this work were collected from two periods: from the 5th to the
19th of June 2024 (Period-1), and from the 16th to the 30th of October 2024 (Period-2).
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These two periods were selected because during these period, most residents were present
in the facility, avoiding the long university holiday periods.

The selection of monitored rooms aims to cover the various floors and orientations
with different solar exposures within the limited number of devices and budget. Concern-
ing the monitoring activity in progress, in this student house, there were 31 devices de-
ployed, including in 2 bedrooms and 1 kitchen on the 2nd, 3rd, 7th and 11th floors, re-
spectively, and the other sensors were located on the public balcony and public space at
the ground level [24], as Figure 3 shows.

The measurement spots on the ground floor were inside and outside the lobby and
were included in Period-1 in June but were not guaranteed in Period-2 in October because
the spots on the ground floor, especially the outdoor points, were public spaces with
smoking areas, and the devices were often deliberately removed.

2.4. Device Deployment and Data Collection Workflow

The device deployment followed the same workflow in these two periods in the fa-
cility. Before each monitoring period, private Wi-Fi stations and routers were deployed in
the technical rooms of each building to cover the internet access range of all the selected
measurement spots. There are 2 private modems for the 2 building blocks, respectively;
then, the routers extend the range of Wi-Fi vertically to the selected floors to cover the
deployed devices.

The monitoring devices record data at intervals of 30 min, and they are connected to
the private Wi-Fi set in the technical rooms of the building to send the readings to the
online database ThingSpeak, and the monitoring process in each period lasts for 2 weeks.
The readings will be checked online every day during the 2-week monitoring periods, and
only when the readings stop will there be interventions to fix the problems. Most of the
time, the living conditions of each room and unit were not interrupted during the 2 mon-
itoring periods.

The monitoring period of 2 weeks with a 30 min interval was a compromise decision
due to the technical limitations of the devices, which had to work with a battery-powered
supply. This point will be explained in the limitations section at the end of this paper.

2.5. Survey on the Internal Occupancy Condition

Based on the general methodology approved by the Ethical Committee of Politecnico
di Milano, during the monitoring activity, questionnaires were distributed to all the se-
lected bedrooms and kitchens for all residents involved. The paper survey aimed to record
the occupancy conditions during the monitoring period and to interpret the results of the
monitored data. Referring to a previous research project developed by Laghezza et al. [25],
the questionnaire includes 4 main sessions within 20 questions, including the demo-
graphic information of the occupants, the occupancy schedule over the 2-week period, the
ventilation operation conditions, and the other indoor activities. An example of a ques-
tionnaire for the bedroom can be found in the Supplementary Materials. In the two peri-
ods, the survey was conducted in the same way, with 8 copies of questionnaires delivered
to bedrooms and 16 for the users sharing the kitchens.

In the survey, there are instructions about how to complete the questionnaire and
return it. The distribution of the questionnaire was conducted on the first day of monitor-
ing inside the facilities, during the device installation period. They are designed to be
completed at the end of the monitoring period to record the occupancy conditions, per-
ceptions of IAQ, and accidental incidents during the weeks [26]. In the last few days before
the last day of monitoring, the questionnaires were supposed to be returned to the recep-
tion desk of the facilities as the general methodology defines.
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2.6. The Reference Levels of the Environmental Parameters and Involved Air Pollutants

In the following sections, the diagrams present the reference level for the comfort
band for the indoor thermal conditions of temperature and relative humidity, as well as
the air pollutants included. These reference levels are displayed as horizontal lines in the
diagrams, facilitating the interpretation of the variation of parameters.

The range of the comfort band for temperature was calculated based on the historical
mean monthly air temperature of Milan in June and October via the algorithm by
ASHRAE (pp. 11-13) [27], with 80% acceptance, from 21.65 to 28.65 °C for June and from
18.92 t0 25.92 °C for October in the indoor spaces in Milan. The range for RH is also based
on ASHRAE [27,28], from 40 to 60%.

The reference levels for air pollutants are taken from the author’s previous work [29],
which summarizes the air pollutants’ reference levels from the air quality guidelines from
international institutions. For COz, 1000 ppm is taken as the reference level, as mentioned
in many IAQ guidelines [29-34], and 2000 ppm is regarded as the level with interventions,
which is not a universally acknowledged level but can be considered as a reference line,
as mentioned in the air quality guidelines from the UK [32] and Germany [31]. Regarding
PM:s, it takes 40 pg/m? as the 8-h reference and 25 ug/m? as the 1-day reference [35,36];
and for PMuy, it takes 90 pg/m? as the 8-h reference and 50 pg/m? as the 1-day reference
[35-47]. As the monitoring results represent data within only 2 weeks, the long-term ref-
erence level for 1 year is not included in the diagrams.

3. Results from Monitoring Devices and Questionnaires
3.1. The General Results of Indoor and Outdoor Data from the Two Periods

The results from the two monitoring periods are displayed in Figure 4 (for Period-1:
5th to 19th June, with the dust intrusion) and Figure 5 (for Period-2: 16th to 30th October).
The data from these two figures summarize all the devices at various locations over a 6-h
average and for indoors (in boxplot) and outdoors (in area plot), respectively, reflecting
the general climate conditions during these two periods.

3.1.1. Environmental Parameters and Weather Conditions

Rainy days occurred during both monitoring periods. In Period-1, rainfall mainly
occurred between 10th and 14th June, when the external RH reached more than 80%. In
Period-2, there was intermittent rainfall, from 16th to 21st and from 23rd to 28th October,
in which the rain was not constant and was, most of the time, mostly cloudy with elevated
RH and AP levels.

The outdoor temperature in Period-1 in June was higher than that in Period-2 in Oc-
tober due to the seasonal changes, but the indoor temperature was always in the thermal
comfort range as the central heating was operational in October in the facilities. In both
periods, there were a few rooms that experienced overheating indoors when the indoor
temperature exceeded the upper limit of the comfort range.

As for the AP, both periods had similar trends: the decrease in AP occurred during
the same periods as the precipitations (e.g., 10 June in Period-1 and 18-20 and 25-27 Oc-
tober in Period-2). In Period-2, the AP was generally higher than in Period-1, likely due to
the seasonal change and low air temperature.

3.1.2. CO: Variations in the Two Periods

Indoor CO: levels exhibited similar patterns across the two periods. The daily peaks
of CO: were usually in the early morning, decreased during the daytime, and then rose
again at night, reflecting the typical occupancy pattern of a residential building.
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However, CO: concentrations were generally higher in Period-2, both outdoors and
indoors. The outdoor CO: level even reached 600 to 800 ppm continuously from 16th to
23rd October, likely contributing to elevated indoor CO: concentrations. The rains, heat-
ing and other factors (such as the insect issues mentioned in the questionnaire) limited
window opening for fresh air, resulting in indoor CO2 levels frequently exceeding the ref-
erence level during these weeks.

3.1.3. PM Levelsin the Two Periods

The outdoor PM:s and PMuo levels in Period-2 were significantly higher than those in
Period-1, likely due to the seasonal difference with higher pollutant levels in the cold sea-
sons [48,49], even if there was no more influence from the dust intrusion.

As the forecast shows in Figure 1, although it passed by Milan with visible residues,
the dust intrusion did not cause severe air pollution issues, and it had less influence than
the seasonal changes, compared to the PM levels, in the two periods.

Apart from these seasonal changes, the precipitation and the daily variation were the
other two major influential factors: the daily variation of PM had a negative correlation
with T, which is especially clear on sunny days, and followed the daily variation of ABL
[8,12].

As for the precipitations, on the one hand, the increase in PM may have contributed
to rainfall, as the aerosol particles can also act as cloud condensation nuclei (CCN) [50,51]
(e.g., 6th to 9th June in Period-1 and 21th to 23rd October in Period-2). On the other hand,
the rainfall subsequently reduced PM concentrations. However, when the general ambi-
ent PM was at a high level from 23rd to 28th October in Period-2, the temporary precipi-
tation was not sufficient to significantly reduce the ambient PM, suggesting that seasonal
factors were the dominant influencing factors.
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Figure 4. The 6 h average indoor (in boxplot) and outdoor data (in area plot) from the monitoring
of Period-1. The red marks with “+” are the outliers of the corresponding hours.
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Figure 5. The 6 h average indoor (in boxplot) and outdoor data (in area plot) from the monitoring

of Period-2. The red marks with “+” are the outliers of the corresponding hours.

3.2. Results from the Questionnaires

Regarding the responses to the questionnaires, in Period-1 (June), there were four
responses from the bedrooms and two responses from two shared kitchens; and in Period-
2 (October), there were six responses from bedrooms and nine from the shared kitchens.
The response rate was low in Period-1. In Period-2, additional efforts were made to en-
courage participation by contacting more residents, resulting in a higher response rate.

The questionnaires only covered a limited number of rooms equipped with monitor-
ing devices. The low response rate may introduce bias and may not accurately reflect the
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overall occupant perceptions during each period. The lack of responses was not only due
to disinterest or forgetfulness but also to the absence of occupants during the monitoring
periods. Some rooms were unoccupied during the studied periods, either because resi-
dents were away or because the rooms were awaiting new tenants.

3.2.1. Users’ Basic Information

As the facility is a university-provided student accommodation, most of the residents
were students in both periods. As Figure 6 shows, the demographic information indicates
that residents were between 20 and 30 years old, varying from bachelor to PhD students,
with one exception noted as “Diploma” standing out from the given options in Period-1.

10
(a) Age of users g (b) Gender
6
4
[ I| [ i 1
0
20 21 22 23 24 25 26 27 28 29 30 Male Female
5
(c) Education (d) Hour of daily stay
3
2
I | II 1 | 11 |
0
Bachelor Master PhD Other 9 0 11 12 13 14 15 16 17 18

M Period-1

Bedroom Period-1 Kitchen ™ Period-2 Bedroom Period-2 Kitchen

Figure 6. The information of the users with responses.

In both periods, all the responses were from male students, as Figure 6b shows. This
was not intentional, as the rooms were selected based on their locations in the floor plans
and the student assighment was mixed.

According to the responses, daily time spent in the facility ranged from 9 to 18 h, with
most students staying approximately 13 to 14 h in their unit (either in the bedroom or the
kitchen). These daily durations were based on weekly schedules and did not include short
periods spent away, such as weekends, which were not included in these hours.

3.2.2. User’s Perception and Reported Symptoms

In line with the indoor monitoring data shown in Figures 4 and 5, in both periods,
most of the responses reported “Warm” with slight overheating, especially in the bed-
rooms. This was likely because the bedrooms were for a single person, with smaller di-
mensions than the kitchen, and typically had less ventilation after occupancy and internal
activities (e.g., cooking and occupants’ entering and leaving through the kitchens).

Overheating issues were also attributed to the rain and high RH in both periods, as
reported in the dissatisfaction session (Figure 7b). Additionally, one respondent from Pe-
riod-2 noted that they could not open the window for fresh air due to the presence of
insects.
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Alongside complaints regarding the warm indoor space and high RH, the reported
dissatisfaction with IAQ and odor was partly explained by a user’s comment that the smell
from the kitchen also entered the bedrooms.

(a) Perception on thermal comfort g (b) Dissatisfaction on indoor space
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Figure 7. Responses of user perceptions (a) and dissatisfaction reports (b).

3.2.3. The Reported Symptoms from the Two Periods

The questionnaire also recorded whether the users had any symptoms during the
two-week monitoring periods (Figure 8). The results are presented according to the symp-
tom categories mentioned in Section 2.5.

Although the questionnaires were separated into students in the selected bedrooms
and students in the kitchens, they were all using their private bedrooms and the shared
kitchens during the monitoring periods. Therefore, the reported symptoms can be inter-
preted as common incidents of the building or their units, rather than being specific to
either the kitchen or the bedrooms.

In Period-1, two out of four respondents from bedrooms reported their symptoms,
while neither of the two kitchen respondents reported any symptoms.

In Period-2, three out of six bedroom respondents reported their symptoms, and
eight out of nine kitchen respondents reported two to four of their symptoms. More flu-
like symptoms, like runny nose, coughing, and sneezing, were reported in Period-2 across
rooms and units located on the 2nd, 3rd, 7th, and 11th floors, with one to two reports on
each floor, respectively.

Due to the limited response rate in Period-1, it is difficult to determine whether there
were healthcare issues during the two periods.

Although the symptoms can be related to the IAQ, they were also related to their
recent activities, personal living habits and work from university, and seasonal incidents
like flu, etc., which were not recorded in this research. Therefore, it is not possible to con-
clusively attribute these symptoms to air quality.
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Figure 8. The reported symptoms in four categories from the survey in the two periods.

4. Discussion

Based on the monitoring data and questionnaire results, the data have been catego-
rized into key topics and analyzed in the following subchapters. These include outdoor
distributions, indoor/outdoor relationships, and the potential indoor influence on ques-
tionnaire responses.

Due to the limited amount of data and fieldwork cases in this project at this stage,
many findings remain hypothetical. Further validation will be necessary in future re-
search.

4.1. The PM25 Vertical Distribution and Its I/O Ratio
4.1.1. The PM2s Vertical Distribution

The vertical distributions of PM2s are displayed with the hourly average values from
all outdoor devices of each measured floor. The interpolated results are shown in Figure
9, in which Figure 9a,b denote Period-1 and Period-2, respectively.

Although the overall PM:s level in Period-2 was significantly higher, there are still
differences in the distributions. For Period-1m with the dust intrusion, the PM2s tended
to reach a higher level at the lower floor (0~10 m), particularly during the precipitation
period from 11th to 14th June. This pattern is consistent with the findings of Han et al.
(2018), who reported similar behavior during rainfall during the HF event [9].

In contrast, during Period-2 in October, absent the dust intrusion, the PM reached
very high levels due to seasonal factors. Higher concentrations were recorded on the 11th
floor, followed by ground-level measurements (below 10 m), with the lowest concentra-
tions observed on the middle floors. This occurred regardless of the weather conditions,
which differed slightly from those in Period-1. The PM increase between 21st to 23rd Oc-
tober was expected following the shift from rainy and cloudy conditions to sunny days.
Between 23rd and 26th October, the intermittent precipitation temporarily removed the
PM, leading to the lower PM:s level at the lower altitudes, and rose again when the pre-
cipitation ceased.
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The elevated PM concentrations in Period-2 compared to Period-1 were likely driven
by seasonal changes, such as lower ambient temperature and lower ABL height [52,53].
Additionally, the shorter daytime and cloudy weather weakened the vertical daily con-
vection that could keep the emissions high at the ground level. There were no other rec-
orded reasons or events leading to the high PM level in Period-2.

A limitation of the data, as mentioned in Section 2.4, lies in the 30 min reading inter-
vals, which may have missed short-term spikes from instant emissions, such as the smok-
ing on the open balcony or quick cooking periods, between readings. Despite this limita-
tion, these results reflect the common trends during the monitored periods of the covered
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Figure 9. The vertical outdoor distributions of hourly mean PM2s in Period-1 (a) and Period-2 (b).
The blank parts denote missing data due to the limitations of the internet, users’ interruptions, and

the time of monitoring.

4.1.2. Indoor PM:sLevel and Lower I/O Ratio at the Higher Floor

Regarding indoor PM conditions, although the overall PM2s concentrations in Pe-
riod-2 were significantly higher than those in Period-1, the I/O (indoor/outdoor) ratios of
these two periods had similar results with common features, as Figure 10 shows the scatter
plot of the I/O ratio of PMzs versus outdoor PMzs on different floors.

In both periods, the I/O ratio of PMzs and outdoor PM level showed similar trends:
the high PM2s I/O ratio tended to appear when the outdoor PM:s levels were higher, re-
gardless of floor height.

Furthermore, the data indicate that the higher floor tended to have a lower PM251/O
ratio in both cases. Specifically, the results from the 11th floor (green points) mostly
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remained below the PM251/O ratio of 1, followed by the 7th floor (purple points) and then
the 2nd and 3rd floors.

In Period-2, the prolonged precipitation contributed to consistently lower I/O ratios
of PM2s across various rooms with values below 0.5. This was one of the main differences
from the data from Period-1, which included around half of the sunny days in the moni-
tored 2-week period.

One of the hypothetical explanations for the existence of a higher I/O ratio at the
lower floor is the coverage of the surrounding environment. As illustrated in Figure 11,
the surrounding greenery and buildings were close to the height of the fourth to sixth
floors. These obstructions may reduce outdoor PM2s concentrations at lower levels,
thereby increasing the calculated I/O ratios for those floors.
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Figure 10. The outdoor PM2s levels vs. PM2s I/O ratio in both periods: June (a); October (b).

F* ke o ‘w

(©)

Figure 11. Images of the surroundings with trees and buildings, three to five floors high, with pic-
ture (a) taken on 9th April 2024 and pictures (b) and (c) taken on 26th March 2025.

This higher indoor PM2s I/O ratio on the lower floor might be attributed to a baseline
level of indoor PM level generated by residential activities (similar to the environmental
COxz levels), or to the accumulation caused by the inward air infiltrations, which helped
maintain the indoor PM:s level at a relatively stable concentration. Meanwhile, the I/O
ratio tended to increase when the outdoor PM was lower.

Although a few spikes in the I/O ratio were observed following cooking activities in
the kitchens, most rooms exhibited similar trends overall.
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4.2. PM25 1/O Ratio with Occupancy and Ventilation

As the survey did not record the window operations and ventilation of the room hour
by hour, the I/O ratio of CO2 was considered an indirect indicator of occupancy and ven-
tilation, as the outdoor CO:2levels were usually at a similar level for all the spots and
showed less variation than the indoor CO: levels. By comparing the I/O ratio of COz2and
PMbzs, as Figure 12 shows, how the occupancy and room ventilation influenced the PM
levels becomes evident.
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Figure 12. The I/O ratio of CO2 vs. PM2s5 in both periods of June (a) and October (b).

When the I/O ratio of CO: ranged from 0.5 to 1, it likely indicated that rooms were
unoccupied, or the room was fully ventilated. As the room temperature was sometimes
higher than outside, the CO21/O ratio could be lower than 1. When the CO21/O was ranged
from 1 to 2, it likely indicated occupancy with some level of ventilation (it could also in-
dicate the transitional period of COz in the rooms, but usually just by a few points). When
the CO: I/O ratio exceeded 2, it typically indicated that the occupants had stayed in the
room with windows closed for at least 2 h. These thresholds were not accurately calcu-
lated, as the actual occupancy conditions were more complex and dynamic, but they serve
as a helpful reference for interpreting the trends in Figure 12.

The CO:21/O ratio was used as a proxy for ventilation or window operations, mainly
due to the lack of appropriate tools with which to record the actual window usage fre-
quency, timing, and schedule inside the selected rooms. This highlights a potential direc-
tion for future methodological improvements.

In Period-2, there were more instances of limited ventilation, primarily due to the
precipitation, indoor heating, and the concern about insects. During this period in the
rooms, the PM25I/O ratio tended to remain at low levels across all the floors. A similar
pattern was observed in Period-1, but only for a short period and in part of the rooms, as
there was less rainfall and other issues limiting ventilation. When the I/O ratio of CO: was
lower than 2, the PM25 I/O ratio tended to be higher, particularly on the lower floors.

Also, in both periods, Figure 12 shows that regardless of the occupancy and ventila-
tion conditions, and despite the weather conditions outdoors, the rooms on the 11th floor
had lower PM25 I/O ratios.

Another difference in Period-1 during the sand intrusion event was that the 7th floor
also presented higher PM2s I/O ratios, and there were several instances where both the
I/O ratios of CO2 and PM2s5 were simultaneously elevated.



Atmosphere 2025, 16, 936

19 of 31

10-PM,

4.3. The I/O Ratio of PM25 and the RH Changes from Weather Conditions

As shown in Sections 3.1 and 4.1, the rainy weather was effective in removing the
airborne PM when the recorded outdoor RH exceeded approximately 85% to 90%. The
RH level has no direct correlation with the PMzs I/O ratio (Figure 13), which was con-
sistent with the findings of Miller et al. (2017) [54], but the rain and higher ambient RH
contributed to a slightly lower average PM:2s concentration in most of the floors. Then,
when the outdoor PM:s reaches a significantly lower level, this I/O ratio tends to rebound
due to the indoor PM sources, as shown on the second and third floor in Figure 13b and
discussed in Section 4.1.

Humidification has been considered as one of the solutions for reducing the indoor
PM by maintaining the indoor RH in the range of 60% to 70% [55], but in reality, when the
outdoor PM levels are high, the deposition from the humidity is far from effective for the
indoor space.
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Figure 13. The outdoor RH vs. PM:2s I/O ratio in Period-1 in June (a) and Period-2 in October (b).

4.4. Indoor/Outdoor AP Differences and PMz.s

Similarly to the RH and weather influence mentioned above, the difference between
indoor and outdoor air pressure (I/O ratio of AP) did not significantly influence PM infil-
tration into the rooms in these cases. PM:2s is an aerosol with a long suspension time and
moves via convection [56], unlike gaseous pollutants [50,57].

The air pressure between each floor showed a clear gradient, with the higher floor
having the lower air pressure, regardless of changes in overall outdoor air pressure during
the 2-week period. But on each floor, the I/O ratio of AP was close to 1 (within +0.4%) in
both periods, as shown in Figure 14, with each cluster of data corresponding to a different
pair of devices and orientations.
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Figure 14. The I/O ratio, AP vs. PM:s, in both periods: May (a); October (b).

Among all pairs of data, most of them had the AP I/O ratio slightly lower than 1,
meaning the inward air exchange or potential infiltrations in those rooms.

Each cluster of data shows the vertically extended spindle shape, which means the
AP I/O ratio for each pair varied in a relatively narrow range and was stable during the 2
weeks under the prevalent wind direction. But the variation of the PM251/O ratio changed,
sometimes exceeding and sometimes falling below 1. This means the AP I/O ratio lower
than 1 does not necessarily result in PM infiltration, and the variation of ambient PM levels
was more dominant in the I/O ratios.

One other interesting aspect is that when the AP I/O ratio was higher than 1, the
indoor AP was higher than outdoors, and the PM25 I/O ratio tended to be lower than 1 in
both periods and on most floors, suggesting that the positive indoor AP may benefit in
minimizing the indoor PM level. This point was not proven in the data from these two
cases because there were only a few rooms in each period that had an AP I/O ratio higher
than 1, and the reason for the appearance of positive AP was not recorded, especially
when no mechanical ventilation was working in both periods.

This is similar to the function of providing positive air pressure into the fire escape
stairwell for keeping the smoke outside, and it could be a feasible solution for regions with
frequent high ambient PM levels. Also, in building layout design, by arranging the more
frequently occupied rooms based on the local prevalent wind direction, it is possible to
generate this positive internal AP with natural ventilation, and the common space with
lower occupant density or more greenery could be located as the inlet of air and then
supported by mechanical ventilation.

4.5. Daily Features of PM25 I/O Ratio

Some previous research has identified that ambient PM2.5 has diurnal variation pat-
terns [8,58]. Also, the monitoring data in the two periods in this work demonstrated this
daily trend, as Figures 4 and 5 show in Section 3.1 above. On most days without precipi-
tation, there were peaks of ambient PM2s5in the morning around sunrise, then this de-
creased due to the convection driven by solar heating and increasing ABL height [8,12].
Sometimes, there could be second peaks in the early evening around the commuting time,
as found by Hart et al., but this depends on the climate, urban activities, and weather
conditions [58].

This daily trend is also partly reflected in the daily pattern of the PM2s I/O ratio (Fig-
ure 15). During Period-1 in June, this PM2s I/O ratio reached its daily minimum between
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5:00 a.m. and 7:00 a.m. (with sunrise around 5:30 a.m. in June in Milan). This pattern, in
this period, occurred in most of the rooms across the five monitored floors and under
various weather conditions during the monitoring weeks. On the one hand, it may be
attributed to the peaks of the outdoor PM2slevels in the morning (see Figures 4 and 5). On
the other hand, the reduced indoor activities at night stabilized the indoor PM and led to
a decrease in its level. For the rest of the day, the average PM:s I/O ratio fluctuated close
to 1, with the ratio on the 11th floor being lower than those on other floors.
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Figure 15. The I/O ratio of PM2s in Period-1 in June (a) and Period-2 in October (b), with the lines
for the hourly mean level for each floor presented in the colors corresponding to their points. The

arrow with sun icon refers to the general time of sunrise and sunset in each period.

However, this pattern was still present but less pronounced in the data from Period-
2 in October. In Figure 15b, similar troughs occurred between 7:00 and 10:00 a.m. (with
sunrise between 7:30 a.m. to 8:00 a.m. in late October in Milan) on the lower floors (second
and third), with a possible peak near sunset. However, the prolonged rainfall and ex-
tended periods of window closure normalized these variations.

This daily PMas I/O ratio pattern correlated with daily ambient PM variations and
could be integrated into the smart building design through dynamic daily natural venti-
lation control to minimize the impact of ambient PM.

4.6. The Reported Symptoms and IAQ from the Survey and Suggestions to Residents

In terms of the health-related symptoms reported in the survey and the correspond-
ing IAQ during both periods, as argued in Section 3.2, the collected data had significant
limitations in interpreting the direct correlations between these symptoms and IAQ. How-
ever, considering the pollutants involved, namely, indoor CO:z and PM, some possible ex-
planations can be inferred, as shown in Figure 16.

In Period-1, due to the low response rate and limited symptom reports, it is challeng-
ing to relate the IAQ to symptoms based on only 2 responses, which reported rhinitis,
dry/sore throat, sneezing, fatigue, and eye irritation. By looking into the data from the
specific room of these two responses, they were from the bedrooms on the second and
seventh floors, respectively, with CO2 and PMas below the short-term reference level in
both rooms.

Therefore, the current dataset and low response rate are too limited to provide the
validated results regarding the relationship between IAQ and the reported symptoms.
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The following findings represent a possible hypothesis based on the IAQ records associ-
ated with the reported symptoms.
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Figure 16. The indoor CO2 and PM2s concentrations in Period-1 (a) and Period-2 (b).

In Period-2, due to the prolonged precipitation, heating operation, insect presence,
and other factors, inadequate ventilation was the main issue noted, as shown in Figure
16b, resulting in the elevated indoor CO: and PM:s levels.

4.6.1. The Bedrooms with Symptom Reports in Period-2

The IAQ conditions in the rooms with questionnaire responses were evaluated (Fig-
ure 17). Most of the time, the PMzslevels remained within the reference short-term range,
but five out of six of these rooms presented elevated CO: levels in more than half of the
time over the two weeks. Among the rooms with symptoms reported (Figure 17a), the
three rooms were located on different floors, making cross-infection of influenza between
occupants unlikely, and all three rooms experienced periods when CO: levels exceeded
2000 ppm, indicating prolonged occupancy and inadequate ventilation for fresh air sup-
ply.
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Figure 17. The CO2 and PM2; concentrations from the bedrooms with the symptoms (a) and without
the symptoms (b) reported in the survey.
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4.6.2. The Kitchens with Symptom Reports in Period-2

In Period-2, four kitchens were included, and one of the rooms (with device 12) had
no valid response. In the three kitchens, each of the three kitchens had three responses

from users who shared that kitchen.

Based on Figure 18, which shows the IAQ condition in kitchens, and Table 2, which
shows the reported symptoms, the units with a higher PM level in a shared kitchen tended

to exhibit respiratory symptoms such as sneezing and runny nose.

However, the association in kitchens was less clear than in bedrooms since the users
who responded regarding the kitchen spent only 2 to 4 h in their kitchens, spending more
time in their own bedroom, for which the corresponding data were unavailable. Moreo-
ver, if there was a seasonal flu that led to similar respiratory symptoms in one of the units,
the current data would make it difficult to distinguish between flu-related and IAQ-re-

lated symptoms.

Additional samples and extended monitoring are necessary to confirm these correla-

tions between the IAQ data and reported symptoms in future studies.

2500 r

Device 01-Floor2
Device 02-Floor3
Device 06-Floor7
Device 12-Floori1

2250 r
2000 r
1750 -

1500 -
1250 -

CO2 (ppm)

1000
750 1
500
250

0 L I L * I L I ]

40 50 60 70 80 90 100

Figure 18. The CO:2 and PM:2s concentrations from the four kitchens, with D01, D02, and D06 from

the room, with three responses, respectively, and D12 had no responses to the questionnaires.

Table 2. The reported symptoms in the survey, and no responses from the room with device number

12.
Device Colorin Symptoms Report from Each Unit
Number Figure 18Response-1 Response-2 Response-3
Irritation of skin; ) Rhinitis;
D01 @ . Irritation of scalp. e . ’ . . Runny nose;
Difficulty in concentration .
Sneezing.
. Cough;
o Runny nose;
o Shortness of breath;
D02 @ o Runny nose. o Headache; o Sneezing.
. Sneezing;
o Severe headache;
. Muscle pain.
. Cough;
D06 No Problem reported . Irritation of ears. . Fatigue;

J Irritation of ears.
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D12 @ No response from this room

Note: The room with device 06 had one reply, with no symptoms reported in the questionnaire. In

the room with device 12, there were no questionnaire replies.

4.6.3. Suggestions Based on IAQ Conditions Observed

Based on the IAQ records in the two periods, although health-related symptom re-
sponses were limited, overexposure to the elevated air pollution level in their daily lives
was evident in both periods. For the regions with similar climates, several recommenda-
tions may be applicable to residential environments.

Night Ventilation Before Sleep

One common issue that could be highlighted is the exposure to elevated CO:2 concen-
trations in most bedrooms. The sleeping period (around 11:00 p.m. to 7:00 a.m.) was the
typical time when the CO: accumulated continuously in most of the bedrooms observed
in the two periods, frequently exceeding 2000 ppm and even higher during the rainy days
and the period with heating. Ventilation for fresh air is clearly necessary, but considering
the decreasing temperature and rising PM levels during the night (as Figures 4 and 5
show), the period just before bedtime would be the most suitable time for ventilating bed-
rooms. Natural ventilation for 15 to 30 min is sufficient to reduce indoor CO: levels, while
the outdoor PM are at a relatively low level during those times.

This night ventilation is also a sustainable and energy-efficient solution for the sum-
mer period, as the temperature continues to drop throughout the evening and night, and
the ambient temperatures at midnight before the sleeping period usually decrease to a
comfortable thermal level.

Cooking Emission Accumulation in Other Rooms

In terms of the kitchen, post-cooking ventilation is essential. However, more im-
portantly, it is necessary to prevent cooking emissions from spreading into the other
rooms, as reported in several questionnaire responses. When bedrooms and internal cor-
ridors are poorly ventilated, the cooking-related emissions can accumulate in other areas.

This issue is also closely related to the layout of the building and the direction of
airflow. If the air path passes through the kitchen first, the polluted air may pass through
the adjacent rooms. The practical solution for this case is to close the door of the kitchen
during the cooking period and to ensure proper ventilation within the kitchen.

Furthermore, the range hoods in this building (which may be the same as in many
other Italian regions) do not expel the exhaust air outdoors but rather recirculate it
through filters placed above the induction stove, as Figure 19 shows. As a result, the emit-
ted gases and particles from cooking were not removed effectively.

Although this is not the main topic of this work and there is no direct data for further
analysis, this could be an interesting topic of IAQ and architecture research in the Italian
context.
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Figure 19. One of the kitchens and its range hood for cooking.

5. Conclusions and Limitations
5.1. Final Considerations

This study presents the results of two periods of monitoring activity in a student res-
idence in Milan in June and October 2024, along with the corresponding occupant surveys
carried out in each period. Despite the occasional differences in climate conditions be-
tween these two periods, several common patterns were identified, particularly in the ver-
tical distribution of particulate matter (PM) and its influence on indoor air quality (IAQ).

During Period-1, a dust intrusion event passed near Milan, but fortunately, the city
was at the edge of its path. In contrast, Period-2 experienced consistently higher PM levels
overall, with elevated concentrations lasting longer than those observed during the intru-
sion event in Period-1.

In both periods, the average ambient PM levels tended to be slightly higher on the
lower floors compared to the middle floors. PM concentrations on the top floor varied,
sometimes being higher and sometimes lower than those on other floors. These variations
may be attributed to the influence of the surrounding building environment.

The daily variation in outdoor PMasand PMio generally aligns with the findings in
other atmospheric studies on the ABL and air pollution, even though it was just at the
ground level and the building-level scale, a small part of the atmosphere.

Regarding indoor PM concentrations, both monitoring periods showed that higher
floors tended to have lower I/O ratios of PM2s, with the top floor in this building having
an I/O ratio lower than 1 most of the time.

The higher outdoor RH level was associated with a lower I/O ratio of PM. But when
the ambient PM concentration dropped below a certain level (around 20 pug/m? in these
cases), the indoor concentration often exceeded the outdoor level. This level of indoor PM
was from basic indoor activities, excluding high-emission activities like cooking or smok-
ing.

The I/O ratio of AP in each room varied over a small range, showing little variation
across rooms, regardless of floor level, and had minimal impact on the I/O ratio of PMzs.
However, in the cases where the indoor space had positive AP, the PM2s5 I/O ratio tended
to remain below 1, which is a potentially effective strategy in layout design or supporting
mechanical ventilation.

The average PM:s I/O ratio in these two periods on each floor, partly due to the am-
bient PMas variations, shows daily variation features with the lowest points around the
time of sunrise then rebounding during the daytime.

According to the responses from the questionnaire, both periods revealed complaints
related to overheating. High humidity caused by rainfall was frequently mentioned as a
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contributing factor, despite indoor temperatures remaining within the comfort range. In
Period-2, the central heating system was on, and the stuffy indoor air due to the lack of
ventilation during the rainy days also contributed to thermal discomfort.

Although the survey response rate in Period-1 was insufficient to establish a correla-
tion between IAQ and the reported symptoms, the lack of natural ventilation in Period-2
may have contributed to the higher number of reported symptoms, alongside seasonal
influenza. Furthermore, rooms with elevated PM levels connected to the shared kitchens
were associated with a higher incidence of reported respiratory symptoms.

Although outdoor air quality was an important factor influencing IAQ, human activ-
ities were still essential in preventing the input, accumulation, and concentration of air
pollutants inside the room via control of the window and balcony opening and natural
ventilation. As also noted in previous studies [59], this paper highlights the significant
impact of user behavior on well-being and health in indoor settings and how source con-
trol and window opening can serve as a key strategy in preventive healthcare.

In addition, residential occupants can take advantage of the nighttime ventilation be-
fore sleep, based on their thermal comfort needs and avoid the periods of high PM expo-
sure during the day.

Since residential spaces are highly private, the IAQ management primarily depends
on the residents and their living habits. Residents can perceive the heat, odor, and humid-
ity, but are often unaware of changes in common air pollutants. Daily ventilation actions
following the daily air pollutant patterns, with window operations, can improve the IAQ
condition. These daily and seasonal ventilation patterns can also be incorporated into the
ventilation system design of the building to improve the living spaces of the residents who
lack awareness of IAQ.

5.2. Limitations and Future Developments

This project, at the current stage, only covered two weeks inside one student’s house
as the case study. Although this will capture some commonalities, differences could
emerge in cases with different locations, surroundings, seasons, weather, and climates.
More comparisons with long-term monitoring would improve the reliability of our find-
ings across many of the topics discussed. Also, due to this limitation with respect to the
number of cases and data, the findings are hypothetical condition and require more cases
for validation.

During the monitoring activity, there were many limitations and troubles identified,
which influenced the condition of the data, like the users accidentally stopping the de-
ployed indoor sensors or the malfunction of internet services, leading to the failure of data
collection.

The facilities did not provide permission to use the electricity plugs for the devices’
energy supply, and also, the outdoor measurement deployment points are on the win-
dowsills outside the windows, so all the devices must use batteries for their energy sup-
ply. The battery supply limits the monitoring intervals to 30 min and the monitoring pe-
riods to 2 weeks, which misses many subtle variations in this work. The monitoring over
longer periods with shorter intervals could help in specifying instant indoor emissions,
such as cooking and cleaning. These require more support from the facilities and optimi-
zation of the devices for outdoor monitoring.

For recording a more accurate window operation and ventilation schedule, the direct
recording of the window operation or measurement of air exchange volumes, such as via
a motion sensor on the windows, is essential in obtaining accurate results for the indoor
air exchange rate, rather than using the CO2 I/O ratio as a proxy.
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The arranged monitoring period mainly depended on the availability of the facility
and residents, so it was hard to predict or avoid some unwanted weather conditions, like
rain.

The low survey response rate in Period-1 made it hard for our study to reflect the
occupants’ feedback. This was improved in Period-2, but in general, the replies rely on the
availability of the residents and their willingness to participate.

Monitoring over only 2 weeks was not sufficiently long to describe many findings,
and in the future, more results will be added following further monitoring activities.
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Abbreviations

The following abbreviations are used in this manuscript:

ABL Atmosphere Boundary Layer
AP Air Pressure

CAMS Copernicus Atmosphere Monitoring Service
CCN Cloud Condensation Nuclei
CO:2 Carbon Dioxide

HF Haze and Fog

TAQ Indoor Air Quality

1L Inversion Layer

1/O Indoor and Outdoor

PMio Particulate Matter 10 pm or less
PM:zs Particulate Matter 2.5 um or less

RH Relative Humidity
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SL Surface Layer
T Temperature
UAV Unmanned Aerial Vehicle
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