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Featured Application: The current study provides information on nanoparticle concentrations in
offices and discusses how to reduce them, e.g., using higher class filters in ventilation systems.

Abstract: Nanoparticles (NPs) can infiltrate indoor environments and have a large impact on human
health when inhaled. Thus, indoor air quality is highly dependent on the outdoor air and on the
filters used in the ventilation systems. In the NanoOffice study, the concentrations and the size
distribution of NPs were measured with a five-minute time resolution in twelve office buildings
in Umed. Measurements were taken with an SMPS 3938 during a one-week period in the heating
and nonheating seasons. Large differences in ventilation between buildings appeared, despite the
fact that similar MVHR ventilation systems were used, and most of them were equipped with F7
filters. The NP concentrations and the simultaneous ventilation flows were measured in buildings
with a variable and a more constant ventilation flow. In some cases, an increase in NP concentration
could be seen after ventilation turn-on or after an increase in the ventilation flow. There was also one
case where the NP concentrations increased in connection with the ventilation being switched off or
reducing its flow. However, variable NP concentrations were also shown in buildings with a fairly
constant ventilation flow, which was prominent for the two buildings located closest to busy streets.
The correlation coefficients between the ventilation flow and particles in different size classes were in
general smallest for particles in the smallest size classes, indicating higher filtration efficiency.

Keywords: air quality; indoor air; nanoparticles; health; ventilation; filter efficiency

1. Introduction

Nanoparticles are important to address due to their very small size and high pene-
tration rate [1]. A nanoparticle is defined as a submicroscopic particle that measures less
than 100 nanometers (nm) on at least one of its dimensions [2]. However, the term is also
used for larger particles up to 500 nm [3,4]. In office buildings, there are several sources
of nanoparticles originating both indoors and outdoors. Indoor sources of nanoparticles
include electrical appliances [5], the release from several types of construction materi-
als [6], and emissions from laser printers [7]. Outdoor air is also an important source of
nanoparticles, where the particles enter the buildings through infiltration or ventilation [8].

Healthy indoor air quality is crucial in terms of employees” health [9]. The main
purpose of the ventilation systems used in buildings is to supply healthy air, diluting
pollutants originating inside the building, and removing the pollutants from the ambient
air. There are three factors that are especially important to consider for ventilation in
buildings: (1) The amount of outdoor air that moves into the airspace of the building,
and the quality of the outdoor air taken into the building; (2) The airflow direction inside
a building, which should be from clean zones to polluted zones; and (3) The external
air should be distributed to all parts of the building in an efficient manner, and the air
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pollutants generated in each part of the building should also be removed in an efficient
manner [10].

There are three methods that are used in order to ventilate a building: natural venti-
lation (NV), mechanical ventilation (MV), and hybrid ventilation (HV). NV is driven by
thermal forces that arise as a result of differences in the density of the indoor and outdoor
air. The outdoor air flows in through purpose-built openings that include windows, doors,
solar chimneys, wind towers, and trickle ventilators. The efficiency of NV largely depends
on the temperature difference between the indoor and outdoor air. MV uses fans in order
to create pressure, which in turn creates air exchange within a building. MV can be based
on either an overpressure system, a negative pressure system, or a combination of these.
An overpressure system uses fans at the air intake where the air is supplied to the build-
ing. A negative pressure system uses fans that suck the air out of the building. HV is a
combination of natural and mechanical ventilation. HV relies on natural driving forces in
order to maintain an air exchange within a building, but it is equipped with fans that can
be activated when the natural driving forces become insufficient [10].

The effects of ventilation methods on particle concentrations indoors have been ad-
dressed in a number of studies. In a study from Sydney, Australia, air pollutants were
measured indoors during one year in eleven occupational buildings with ventilation sys-
tems representing NV, MV and HV. In general, the buildings equipped with an MV system
showed the lowest average concentrations of both TSP (total suspended particles), particu-
late matter (PM;), and fine particles (PM; 5) [11]. In another study in Seoul, South Korea,
where the influence of different ventilation systems on indoor particle concentrations was
analyzed in 15 single-family apartments, it appeared that MV reduced the exposure to
outdoor particles more than NV. When the apartments were mechanically ventilated, the
daily average indoor particle concentration decreased to 50% below the outdoor level for
submicrometer particles (<1 pm) and 25% below the outdoor level for fine particles [12].

In general, mechanical ventilation equipped with filters reduces the particle concen-
trations indoors, but the magnitude of this effect depends on the efficiency, location, and
the number of filters applied [13,14]. Karjalainen et al. [15] found that the concentration
of indoor nanoparticles originating outdoors was largely determined by the filtration ef-
ficiency of the filters used in the ventilation system. The filters are classified according
to their ability to capture particles at different sizes, defined as filtration efficiency. The
abbreviations M and F stand for medium and fine where the filters classified as fine have
a higher degree of separation in comparison with the filters classified as medium. The
filtration efficiency for different filters at different particles sizes is presented in Table 1.

Table 1. The degree of separation in percent for different filters at different particle sizes [16].

Filter Class According to Particle Size
SSEN 7791 400 nm MPPS 2 50 nm 20 nm
M5 4% 2% 17% 30%
M6 20% 14% 35% 63%
F7 58% 46% 62% 83%
F8 70% 55% 69% 90%
F9 81% 60% 77% 94%

1SS EN 779 = Swedish standard for testing and classification of ventilation filters. > MPPS = “Most Penetrating
Particle Size”. It refers to the particle size that is most difficult to filter. This size varies depending on the structure
of the filter and its performance, the air velocity through the material, as well as the properties of the particles.

Moreover, different ventilation conditions (closed windows, windows opened for
short periods, and windows tilted open all day long) might influence indoor air quality.
Cyrys et al. [17] analyzed a hospital building in Erfurt, Germany, and found that the lowest
indoor/outdoor (I/O) ratios for all pollutants were found with closed windows. The small-
est I/O ratio for particle number concentration (PNC) was found with closed windows with
the value of 0.33. In Daqing, China, the lower infiltration factors for fine particles (PM; 5)
in offices and urban residential were mainly caused by closing the windows and using air
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conditioning as well as due to a greater air tightness in high buildings [18]. Miller et al. [19]
studied the correlations between particle concentrations measured indoors and outdoors in
mechanically ventilated buildings in Colorado, USA. The correlations between indoor and
outdoor concentrations were higher for UFP (55-100 nm) in comparison with fine particles
(0.1-0.7 um), especially when the heating, ventilating, and airconditioning (HVAC) system
was running. This study also showed that the I/O ratios of particles in the different size
fractions were weakly but positively correlated with the amount of ventilation provided to
the indoor environment.

The I/0O relationships for particles in different size modes (nucleation mode, Aitken
mode, and accumulation mode), and at different ventilation conditions, have been analyzed
in a few studies.

Particle size distributions indoors and outdoors were measured in a building in
Helsinki downtown during 1999. The 1/0 ratio for nucleation mode particles (8-25 nm)
was mostly around 0.1. For particles in the Aitken mode (25-90 nm), the I/O ratio was
mostly between 0.1 and 0.2. For particles in the accumulation mode (90-500 nm), the
I/0 ratio was mostly around 0.3. When the ventilation flow was switched on, the I/O
ratio for particles in accumulation mode increased. However, during nighttime, when the
ventilation flow was very low, the I/O ratio for particles in nucleation mode increased [20].
In another study performed in Helsinki, the number concentrations of fine particles were
measured indoors and outdoors in an office located in the basement of a building in
Helsinki. The measurements took place in the summer of 2000. Particles in the size range
of 7-600 nm were measured, and there was a temporal correlation between the particle
number concentrations measured indoors and outdoors. The mechanical ventilation system
was the main transport route of outdoors particles into the building. The mean penetration
factor was 0.41 for nucleation mode particles (7-25 nm), 0.74 for Aitken mode particles
(25-100 nm), and 0.87 for particles in accumulation mode (100-600 nm) [21].

In a study performed in California, indoor and outdoor relationships for particles in
the size range of 6220 nm were measured in four apartments within 60 m from the center
of the 405 Freeway in Los Angeles. Indoor and outdoor concentrations were measured
simultaneously under different ventilation conditions without the presence of any indoor
sources that generated particles. Under different air exchange rates, the I/O ratios were
highest (0.6-0.9) for particles in the size range of 70-100 nm, while the lowest I/O ratios
(0.1-0.4) were found for particles in the size range of 10-20 nm [22]. In a study performed
in Rochester, New York, USA, the concentrations of particles in the size range of 10-500 nm
were measured inside and outside of a commercial building during the period of 2005-2009.
The ventilation was based on an HVAC system. In general, the I/O ratio increased with
particle size [23].

In general, the measurements of nanoparticles in buildings are scarce, and information
on the role of ventilation systems on particle concentration is limited. The current analysis
is a further development of the NanoOffice study focusing on nanoparticle concentrations
in office buildings in the city of Umea in the northern part of Sweden [24]. In this analysis,
the main focus is on the ventilation systems used in the studied office buildings and how
these affect the nanoparticle concentrations measured indoors.

Automatic means that the ventilation is controlled by sensors for carbon dioxide,
humidity, air temperature, and/or presence in the residence zone, in order to maintain the
size of the air flow after the current load.

2. Materials and Methods

Nanoparticle concentrations were measured in twelve office buildings in the city
of Umea in northern Sweden during the year 2017 and 2018. The locations of the office
buildings are presented in Figure 1. The concentration and size distribution of nanoparticles
were measured with 5-min intervals during two one-week periods representing both the
heating and nonheating seasons. The measurements were performed in office rooms
with an area of between ~10 and ~20 m?, and no people entered these rooms during the
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measurements. Windows and doors were closed during the measurements, and there
were no printers located in these rooms. The twelve office buildings were selected to
include newer, retrofitted, and older buildings with various ventilation systems and energy
efficiency. The office buildings were also chosen according to different distances from busy
streets as the main sources of combustion-formed nanoparticles (CFNPs). The nanoparticles
were measured using SMPS 3938 (SMPS = Scanning Mobility Particle Sizer Spectrometer,
TSI Inc., Shoreview, MN, USA). This technique is described more detailed in the earlier
analysis by Orru et al. (2021) [24], and it is shown in Figure 2. The nanoparticles that
were measured as particle number concentration (PNC) in this study consist of fractions in
different size classes in the range of 10 nm up to 461 nm.
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Figure 1. The study area with the location of Buildings 1-12, where indoor measurements were
carried out. Basemap: © OpenStreetMap contributors.

The ventilation systems in the twelve buildings were all based on mechanical ventila-
tion with heat recovery (MVHR). It was a fan-controlled supply and exhaust air system
with heat recovery. Air ducts were used to supply air and exhaust air to control the flow of
air so that air pollutants were eliminated as efficiently as possible. The MVHR system was
also equipped with a heat exchanger where the heat energy in the heated indoor air was
used in order to heat the cold incoming air.

The majority of the ventilation systems of the studied buildings were equipped
with filters of class F7 (despite Building 10 with filter of class M6). For Building 1, no
detailed information was available (security classified), but as it was a new building, it has
filters >F7. More detailed information of buildings and ventilation systems were presented
in the earlier analysis by Orru et al. (2021) [24].

In parallel with nanoparticle measurements, the air velocity (m/s) was identified as
5-min average. The measurements were conducted with a multifunctional environmental
meter AMI310 (KIMO Instruments. Sauermann Industrie SAS, Montpon-Ménestérol,
France) equipped with a 100 mm telescopic vane probe and airflow cone (Figure 2).
Ventilation flow (m3/h) was calculated by multiplying the air velocity by the cross-sectional
area of the cone:

Qo = Vi X [n % (dm /2)2} x 3600 1)

where the included variables are defined as follows:

qm = ventilation flow (m3/h)
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v = air velocity (m/s)
dm = diameter of duct (m)
7= pi

Figure 2. Measurement of nanoparticles indoors with SMPS 3938 (left) and ventilation flow with
AMI310 (right).

In terms of nanoparticle (hereinafter abbreviated NP) concentrations and the impor-
tance of ventilation, there are a number of factors that determine the concentrations of
indoor pollutants including NPs. The main factors can be mathematically illustrated by
the following differential equation (Atkinson et al., 2009) [10]:

dc
VE :q(CO_C)+Vpol ()

where the included variables are defined as follows:

V = volume of space
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¢ = concentration (particles per cm?)

q = ventilation rate (cm?/s)

Cp = supply air concentration (particles per cm?)

dc = change in concentration

dt = change in time

Vpo1 = indoor pollutant generation in the room (particles per second)

In this study, the ventilation flow and the ability of the filters to absorb particles at
different size classes were the two main factors on which the results are based. The corre-
lations between the airflow in the ventilation systems and the simultaneously measured
NP concentrations were calculated. The correlations between the airflow and the NP
concentrations were also calculated for the different size fractions of the measured NPs,
along with the ability of filters to absorb particles at different size classes to control the flow
of air so that air pollution is eliminated as efficiently as possible.

3. Results
3.1. Concentrations of Nanoparticles

The concentrations of NPs varied quite largely between the different buildings (Figure 3).
The highest concentration was found in a newly completed building, especially during
the heating season, just a few weeks after opening. The maximum values reached around
30,000 particles per cm3. High concentrations were also found in the two buildings closest
to a busy street; however, this trend did not appear in the nonheating season (Table 2).
The lowest concentrations were found in a building near a park. In some of the buildings,
the concentrations were higher during the heating season, whereas in other buildings,
they were higher during the nonheating season. During the heating season, the daily NP
concentrations tended to be larger (Figure 3), whereas during the nonheating season, there
were several cases with higher NP concentrations during nighttime (Figure 4).
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Figure 3. Mean, 25th, and 75th percentile and min and max values for the NP number concentrations
in twelve office buildings during daytime (from 6 a.m. until 6 p.m.) and nighttime (from 6 p.m. until
6 a.m.) during a one-week measuring period in the heating season.
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Table 2. Average concentrations of measured NPs (<461 nm), ultrafine particles (<100 nm), and
average sizes of NPs in twelve office buildings in Umea during the heating and nonheating seasons,
and the buildings’ distances from a busy street. The buildings and their numbers are presented in

Figure 1.
Daytime ! Nighttime 2
Buildings Concentration . Concentration . fDlsta;snce
1-12 (Particles per cm®) Size (Particles per cm?) Size rom busy
(nm) (nm) Street (m)
<100 nm <461 nm <100 nm <461 nm
Heating season
1 2980 3224 44 3054 3336 49 850
2 366 458 73 144 178 66 790
3 725 867 59 853 970 58 700
4 153 208 69 149 163 56 500
5 22 37 92 20 34 91 860
6 392 651 93 202 305 97 920
7 251 315 67 419 488 64 970
8 381 499 65 251 310 77 570
9 492 625 69 430 532 68 680
10 1014 1233 63 814 1037 71 250
11 2152 2366 40 1924 2091 37 130
12 503 623 67 231 313 79 550
Nonheating season
1 545 648 73 921 1096 62 850
2 304 423 85 164 227 87 790
3 1117 1275 64 855 1069 70 700
4 503 815 87 365 574 89 500
5 545 617 67 681 841 61 860
6 910 1079 61 1300 1405 57 920
7 326 456 75 400 481 68 970
8 339 566 100 375 596 98 570
9 723 1174 93 773 1156 92 680
10 486 858 105 560 937 103 250
11 456 609 76 378 548 81 130
12 387 572 86 429 670 83 550
1 From 6 a.m. until 6 p.m. 2 From 6 p.m. until 6 a.m.
12,500
Nonheating season
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o
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Figure 4. Mean, 25th, and 75th percentile and min and max values for the NP number concentrations
in twelve office buildings during daytime (from 6 a.m. until 6 p.m.) and nighttime (from 6 p.m. until
6 a.m.) during a one-week measuring period in the nonheating season.
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Subsequently, we also calculated the concentration of NPs smaller than 100 nm, also
called ultrafine particles (Table 2). In the offices with the highest number concentrations, at
least 80-90% of the particles were <100 nm. During the nonheating season, the fraction
of particles <100 nm was relatively smaller in comparison with the heating season. The
average size of the NPs varied from 37 to 105 nm, being relatively smaller during the
heating season (Table 2). Average temperature and average relative humidity during the
measurements are presented in Table A1, Appendix A.

3.2. Diurnal Cycles of Nanoparticle Concentrations and the Ventilation Flows

The NP concentrations and the simultaneous ventilation flows in the five most charac-
teristic buildings are presented in Figures 5-10. The buildings were chosen in order to rep-
resent buildings with: (1) variable and (2) more constant ventilation flow and (3) different
distances from a busy street. Building 1 represents a newly completed building where
the ventilation was not yet properly working (switched off during two working days)
(Figure 5). In some cases, an increase in NP concentration can be seen after ventilation turn-
on or increase in capacity. In Buildings 3 and 7, the ventilation flow was decreased during
nighttime and weekends (Figures 6 and 7). Nevertheless, the effect on NP concentrations
cannot be seen in Building 3, and a tendency of anticorrelation is shown in Building 7.
Building 8 had sensor-controlled ventilation in the office rooms, and these systems were
switched off during nighttime and weekends (Figure 8). Here, there were several days
with a decrease in NP concentrations in connection with the systems being switched off,
and an increase in connection with the system being switched on again (Figure 8).

Building 1

35,000 40
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© >
. 25000 0 é
é 25 g
‘O 20,000 &=
= 20 5
& 15,000 =
& 10,000 10 2
5,000 5
| f\“‘\‘_
0 0
DO OO DO OO DO OO DO OO DO OO0 DO OO DO OO
[l eoleoochohshshoBoloRoRohohohshh*E-hshshoBeohohoholh ool el
SO AN LSO ALS SNBSS CANLDSOANLSOALD T A D
— — — — — — —
Monday | Tuesday Wednesday Thursday Friday Saturday Sunday

Figure 5. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
1 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.
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Figure 6. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
3 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.
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Figure 7. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
7 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.
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Figure 8. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
8 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.
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Figure 9. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
10 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.
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Figure 10. The NP number concentration (blue line) and the ventilation flow (orange line) in Building
11 during the heating season. The NP concentrations and the ventilation flow were measured in

five-minute intervals.

Buildings 10 and 11 (Figures 9 and 10) had more or less constant ventilation flow 24/7,
and the flows were significantly higher compared to the other four analyzed buildings
(Figures 5-8). Moreover, there were large variations in the NP concentrations that cannot
be related to the ventilation flows. Nevertheless, those two were also the buildings located
closest to a busy street that might have larger influence of ambient air pollution, especially
in terms of combustion-formed NPs.

3.3. Size Fractions of Nanoparticles

In Appendix A (Figures A1-A24), the average concentrations of NPs in all 107 size
fractions during the one-week measurement periods are presented for the twelve buildings
during the heating and the nonheating seasons. Moreover, large variations between the
buildings appeared with particularly high NP concentrations during the heating season in
Buildings 1, 10, and 11. In almost all buildings, the dominating size fractions were smaller
during the heating season compared to the nonheating season. The concentrations of NPs
in the size range of 10-15 nm and/or 15-20 nm were relatively lower compared to the
concentrations in the larger size fractions. The size fractions in some of the buildings were
more equally divided (Figures A4, A5, A7-A9, A11, A15-A17, A19, A22 and A23), whereas
in the other buildings, a high peak on certain fractions appeared (Figures A1-A3, A6, A10,
A12-A14, A18, A20, A21 and A24).
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3.4. The Correlation Coefficients (Pearson) between the Ventilation Flow and the NP
Concentrations at Different Size Fractions

In order to determine the filtration efficiency at different particle size fractions, the
correlation coefficients between the ventilation flows and the NP concentrations measured
during the whole one-week measurement periods were calculated. These correlation
coefficients are presented in Figures 11-14. The figures were selected in order to include
buildings with a variable ventilation flow throughout the day and the night during the

whole measurement week.
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Figure 11. The correlation coefficients (Pearson) between the ventilation flow and the NP number
concentration during the one-week measurement period presented for each size fraction in Building
3 during the heating season.
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4 during the heating season.
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Figure 13. The correlation coefficients (Pearson) between the ventilation flow and the NP number
concentration during the one-week measurement period presented for each size fraction in Building
7 during the heating season.
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Figure 14. The correlation coefficients (Pearson) between the ventilation flow and the NP number
concentration during the one-week measurement period presented for each size fraction in Building
8 during the heating season.

The correlation coefficients in Figures 11-14 were in general relatively low in the size
fractions of 10-20 nm. In Figure 13 (Building 7), negative correlations were in general
shown during the entire size range. Building 7 was located furthest away from a busy
street (Table 2).

4. Discussion
4.1. The NP Concentrations and the Impact of the Ventilation Flow

The NP concentrations measured indoors and the simultaneous ventilation flow pre-
sented in Figures 5-10 showed mixed results. Since the NP concentrations measured
indoors were a combination of particles generated both indoors and outdoors, the venti-
lation flow can lead to both increasing and decreasing NP concentrations. The particles
generated outdoors that infiltrate the indoor environment through the ventilation system
can be assumed to correlate with the amount of ventilation flow. Stasiulaitiene et al. [25]
found in energy efficient buildings that the ventilation regime with minimum natural and
no mechanical ventilation resulted in the lowest infiltration of outdoor pollutants. How-
ever, in this study, this effect appeared only in some of the buildings (e.g., Building 1 and 8)
but not in the other buildings. Karjalainen et al. [15] have earlier discussed that particles
in different size fractions were filtered to varying degrees by the ventilation filters, and
since Figures 5-10 are based on the total NP concentrations, only the outdoor generated
particles that were not captured by the filters can be assumed to correlate with the size
of the ventilation flow. In Building 8 (Figure 8), a certain degree of correlation could be
observed. Building 8 was located relatively close to a busy street, and it was equipped with
a sensor-controlled ventilation system switching off during nighttime and on weekends,
which may partly explain the results. In Building 7 (Figure 7), the NP concentrations and
the ventilation flow exhibited a certain anticorrelation. Building 7 was located furthest
away from a busy street and can be assumed to have relatively low concentrations of
traffic-generated particles in the outdoor environment, and with a relatively greater impact
from indoor sources of NPs. In Buildings 10 and 11 (Figures 9 and 10), the NP concen-
trations fluctuated sharply despite the fact that the ventilation flows were fairly constant
throughout the measurement periods. These buildings were located closest to a busy street
where fluctuations in the flow of traffic might have affected the results.

In the case of indoor sources, the ventilation flow was a crucial factor in removing
particles from the buildings, and therefore, anticorrelations between the concentrations
of indoor generated particles and the ventilation flow are expected. Since the chemical
composition of the NPs measured in this study was not analyzed, it was not possible to
distinguish the origin of the particles. However, in addition to NPs with outdoor origin,
there are a lot of potential indoor sources of NPs that include electrical appliances [26],
bioaerosols from biological materials [27], and laser printers that generate NPs in mainly
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two size classes: one smaller mode with particles < 10 nm and one larger mode in the
size range of 40-100 nm [28]. In the current study, some of the buildings (e.g., Building 8)
have sensor-controlled ventilation systems. Most often, they sense CO, concentrations
indoors, but they are often poorly correlated with the particle concentrations [29]. Ac-
cording to Guyot et al. [29], particle sensors could be a better option in terms of level of
precision and accuracy. However, they are still expensive, but they are quickly becoming
more competitive.

4.2. The Filters Used in the Ventilation Systems and Their Impact on the Particle Concentrations

As mentioned in Section 2, the filter type F7 was used in all buildings except Building
10 where the filter type M6 was used. Building 11 was also equipped with the filter type
F9, but the measurements were carried out in the part of the building where the air was
filtered by F7 filters. Building 1 was security classified without information on filter type,
but as it was a new building, it had filters >F7. The ability of filter class F7 to absorb
particles in different size fractions has also been analyzed in previous studies. The filtration
efficiency of particles in F7 filters is mainly driven by diffusion, impaction, and interception
processes in the filter media [30]. During test conditions, where an aerosol generator was
used in order to generate particles in the nucleation mode (mean particle diameter of
11 nm) and the soot mode (mean particle diameter of 55 nm), the filtration efficiency of F7
filters varied with respect to the size of the particles. The collection efficiency was almost
100% for particles in the size range up to 10 nm, but decreased steeply in the particle size
range above 20 nm [15]. Similar results regarding the efficiency of F7 filters have been
demonstrated by Shi [30]. The reason for the very high collection efficiency for particles
smaller than 20 nm is that the diffusion movement of particles increases in smaller particle
sizes, resulting in higher filtration efficiency [15].

Considering the size distributions of the NP concentrations measured in the twelve
buildings during the heating and the nonheating season (Figures A1-A24 in Appendix A), the
concentrations of NPs in the size range of 10-20 nm were in general relatively low, indicating a
high collection efficiency by the F7 filters. However, there were some exceptions with relatively
high particle concentrations in the size range of 10-20 nm (Figures A8, A9, A1l and A21). The
highest levels of very small NPs appeared in building 11, which was the building closest
to a busy street (Figure 1), and where traffic-generated particles can be assumed to be
a particularly significant source. However, the peak concentrations measured during
the one-week periods in the twelve office buildings were for the most part shown in the
size range of 50-60 nm, representing the Aitken mode. It has previously been shown
that the average size of NPs measured outdoors are considerably smaller in comparison
with the NPs measured indoors [24]. For the NPs measured outdoors during the twelve
one-week periods, only the total numbers of particles have been measured based on five-
minute intervals, but the numbers of particles in different size fractions are not available.
However, it is reasonable to assume that particles in the size range smaller than 50 nm,
mainly emitted from traffic, enter the ventilation systems where they are absorbed by
the filters. The correlation coefficients calculated between the ventilation flow and the
NP concentrations in different size fractions in Figures 11-14 were inconclusive, but the
relatively low values in the size range of 10-20 nm indicate an effective filtering by the F7
filters. However, since there were both indoor and outdoor sources contributing to the
measured particles, the coefficients could vary depending on whether indoor sources or
outdoor sources dominate.

The importance of the filtering efficiency and the use of higher efficiency filter to
improve indoor air quality have been suggested by several authors [31-33]. However,
the filtering efficiency of traffic exhaust at hot spot locations could be only about one-
third [34]. In the case of very high NP concentrations, additional portable air cleaners with
HEPA (high efficiency particulate arresting) filters could be used [35]. However, the use
of higher class filters results in higher energy demand [36]. Most of the currently studied
buildings use class F7 filters that have been suggested as a reasonable choice in terms of



Appl. Sci. 2021, 11, 8930

14 of 25

indoor air quality and energy use [37]. However, in terms of public health, the higher class
filters could be suggested as relatively high concentrations of NPs were found in several
buildings that were studied. Additionally, Waring et al. [38] stated that despite higher
energy demands and price, those costs are minor in comparison with the estimated public
health benefits.

4.3. Strengths and Limitations of This Study

A main strength of this study is that it provides continuous measurements of nanopar-
ticles indoors in twelve office buildings representing both the heating and nonheating
seasons. The buildings were chosen to represent different ventilation systems and various
distances from busy streets. The measurement periods lasted for one week, which means
that they include both weekdays and a weekend during both daytime and nighttime,
presented separately in the study. Another strength of this study is that the ventilation
flows in the buildings represent flows under both variable and constant conditions and
show how the NP concentrations are affected by those.

One of the limitations of the current study is that all buildings except one use filters
of class F7. Consequently, there is very limited information on studying the filters’ effect
on NP filtration in real life situations. Another limitation of this study is that the chemical
composition of the NPs was not studied because it was not possible to measure with the
Scanning Mobility Particle Sizer Spectrometer (SMPS). This means that it is not possible
to distinguish the sources of the NPs, which would have been a great advantage when it
comes to understand the importance of ventilation. Therefore, this is an important issue
that needs to be addressed in future studies and measurements.

5. Conclusions

In this study, nanoparticles were measured in twelve office buildings during two one-
week periods representing daytime and nighttime during both the heating and nonheating
season. The twelve office buildings were selected to include newer, retrofitted, and older
buildings with various ventilation systems and energy efficiency. The office buildings
were also chosen according to different distances from busy streets as the main source of
CFNPs. The ventilation flow and the filter efficiency, and their impact on the nanoparticle
concentrations in the buildings, were the two main factors analyzed.

During the measurements, large differences in NP concentrations between buildings
appeared, despite the fact that similar MVHR systems were used, and most of them were
equipped with class F7 filters. In some cases, an increase in NP concentration could be
seen after ventilation turn-on or after an increase in the ventilation flow. There was also
one case where the NP concentrations increased in connection with the ventilation being
switched off or reducing its flow. However, variable particle concentrations were also
shown in buildings with a fairly constant ventilation flow, which was prominent for the two
buildings located closest to busy streets. The particles generated outdoors that infiltrate
the indoor environment through the ventilation system can be assumed to correlate with
the amount of ventilation flow. In contrast, particles generated indoors can be assumed to
anticorrelate with the amount of ventilation flow.

The ability of the filters to absorb particles was also different for different size classes
where smaller particles (<20 nm) were more efficiently removed due to a higher diffusion
rate. The correlation coefficients between the ventilation flow and particles in different size
classes were in general smallest for particles in the smallest size classes, indicating higher
filtration efficiency.

Most of the currently studied buildings use class F7 filters that have been suggested
as a reasonable choice in terms of indoor air quality and energy use. However, relatively
high concentrations of NPs were found in several buildings, and from a health perspective,
the use of higher class filters could be suggested.
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Appendix A

Table A1l. Average temperature and average relative humidity in the air samples measured in the
twelve office buildings during the heating and nonheating seasons.

Heating Season Nonheating Season
Buildings ; . 3 .
1-12 Temperature  Relative Humidity = Temperature  Relative Humidity
O (%RH) Q) (%RH)
1 22.1 20.9 22.2 26.3
2 24.0 18.1 23.8 34.3
3 21.9 19.1 18.8 28.1
4 22.9 18.5 23.1 36.0
5 233 20.6 25.0 28.5
6 23.6 20.7 25.7 30.9
7 22.8 14.9 25.5 32.5
8 22.0 16.9 24.7 304
9 234 16.4 23.1 36.0
10 21.8 20.3 23.1 50.4
11 222 15.8 225 254
12 248 13.9 225 40.2
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Figure Al. The average nanoparticle concentration in each size fraction in Building 1 during a
one-week measurement period during the heating season.
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Figure A2. The average nanoparticle concentration in each size fraction in Building 1 during a
one-week measurement period during the nonheating season.
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Figure A3. The average nanoparticle concentration in each size fraction in Building 2 during a
one-week measurement period during the heating season.
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Figure A4. The average nanoparticle concentration in each size fraction in Building 2 during a
one-week measurement period during the nonheating season.
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Figure A5. The average nanoparticle concentration in each size fraction in Building 3 during a
one-week measurement period during the heating season.
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Figure A6. The average nanoparticle concentration in each size fraction in Building 3 during a
one-week measurement period during the nonheating season.
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Figure A7. The average nanoparticle concentration in each size fraction in Building 4 during a
one-week measurement period during the heating season.
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Figure A8. The average nanoparticle concentration in each size fraction in Building 4 during a
one-week measurement period during the nonheating season.
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Figure A9. The average nanoparticle concentration in each size fraction in Building 5 during a
one-week measurement period during the heating season.
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Figure A10. The average nanoparticle concentration in each size fraction in Building 5 during a
one-week measurement period during the nonheating season.
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Figure A11. The average nanoparticle concentration in each size fraction in Building 6 during a
one-week measurement period during the heating season.
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Figure A12. The average nanoparticle concentration in each size fraction in Building 6 during a
one-week measurement period during the nonheating season.
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Figure A13. The average nanoparticle concentration in each size fraction in Building 7 during a
one-week measurement period during the heating season.
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Figure A14. The average nanoparticle concentration in each size fraction in Building 7 during a
one-week measurement period during the nonheating season.
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Figure A15. The average nanoparticle concentration in each size fraction in Building 8 during a
one-week measurement period during the heating season.
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Figure A16. The average nanoparticle concentration in each size fraction in Building 8 during a
one-week measurement period during the nonheating season.
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Figure A17. The average nanoparticle concentration in each size fraction in Building 9 during a
one-week measurement period during the heating season.
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Figure A18. The average nanoparticle concentration in each size fraction in Building 9 during a
one-week measurement period during the nonheating season.
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Figure A19. The average nanoparticle concentration in each size fraction in Building 10 during a
one-week measurement period during the heating season.
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Figure A20. The average nanoparticle concentration in each size fraction in Building 10 during a
one-week measurement period during the nonheating season.
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Figure A21. The average nanoparticle concentration in each size fraction in Building 11 during a
one-week measurement period during the heating season.
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Figure A22. The average nanoparticle concentration in each size fraction in Building 11 during a
one-week measurement period during the nonheating season.



Appl. Sci. 2021, 11, 8930 23 of 25

Building 12 (heating season)

% 500
o
= 400
]
oW
0
2 300
—
o
=
=
= 200
o
o
< 100
0 ||||||II||...
N O ON 0= OMm— H 0O = — <H 0N 0 H
Or—‘mU')CEO?I‘[\(\I[\N@[\@@OCH[\L@@H@HOOMT—‘@
= o~ = = AN NN < HLO ODNWO O~ OO 0O HDN DN
— o~ — —~ AN AN A o <t

Particles size fraction (nm)

Figure A23. The average nanoparticle concentration in each size fraction in Building 12 during a
one-week measurement period during the heating season.
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Figure A24. The average nanoparticle concentration in each size fraction in Building 12 during a
one-week measurement period during the nonheating season.
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