Environ Monit Assess (2022) 194:595
https://doi.org/10.1007/s10661-022-10290-7

®

Check for
updates

Performance assessment of NOVA SDS011 low-cost PM
sensor in various microenvironments

Aca Botzilov - Visa Tasi¢ - Nenad Zivkovi¢ -
Ivan Lazovi¢ - Milan Blagojevi¢ - Nikola Misié -
Dusan Topalovi¢

Received: 18 March 2022 / Accepted: 11 July 2022

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract Over the last 10 years, as a possible alter-
native to the conventional approach to air quality
monitoring, real-time monitoring systems that use
low-cost sensors and sensor platforms have been fre-
quently applied. Generally, the long-term characteris-
tics of low-cost PM sensors and monitoring have not
been thoroughly documented except for a few widely
used sensors and monitors. This article addresses
the laboratory and field validation of three low-cost
PM monitors of the same type that use the NOVA
SDS011 PM sensor module over a 1-year period. In
outdoor environments, we co-located low-cost PM
monitors with GRIMM EDM180 monitors at the
National Air Quality Monitoring stations. In indoor
environments, we co-located them with a Turnkey
Osiris PM monitor. Several performance aspects of
the PM monitors were examined: operational data
coverage, linearity of response, accuracy, precision,
and inter-sensor variability. The obtained results show
that inter-monitor R values were typically higher than
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0.95 regardless of the environment. The tested moni-
tors demonstrate high linearity in comparison with
PM,, and PM, 5 concentrations measured in outdoor
air with reference-equivalent instrumentation with R?
values ranging from 0.52 up to 0.83. In addition, very
good agreement (R? values ranging from 0.93 up to
0.97) with the gravimetric PM,, and PM, 5 method is
obtained in the indoor environment (30 < RH <70%).
High RH (over 70%) negatively affected the PM mon-
itors’ response, especially in the case of PM,, con-
centrations (high overestimation).

Keywords Air pollution - Monitoring - Particulate
matter - Low-cost PM monitor - NOVA SDS011 PM
sensor

Introduction

It is well-documented that elevated levels of par-
ticulate matter (PM) adversely affect human health.
Long-term exposure to PM,, and PM, 5 can cause res-
piratory and cardiovascular disease and increase all-
cause mortality (Pope et al., 2006, 2009; Schwartz,
2004). Evidence published by the WHO/Europe con-
firmed the importance of outdoor air pollution as a
risk factor for health and linked fine particles PM, 5
and cardiovascular and respiratory ill health (WHO,
2020). Long-term exposure to PM, 5 can also trigger
atherosclerosis, adverse birth outcomes, and child-
hood respiratory diseases and is potentially linked
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with neurological development, cognitive function,
and diabetes (WHO, 2020). The EU limit values for
PM,, in the ambient air for the protection of human
health are provided in Council Directive 2008/50/
EC (European Union, 2008). The directive prescribes
a daily limit value of 50 pg/m?®, not to be exceeded
more than 35 times per calendar year, and an annual
limit value of 40 pg/m>. The same directive (Euro-
pean Union, 2008) prescribes that annual average
PM, 5 level cannot exceed 20 ug/m3 after 2020. PM
limits and targets for 24 h and annual averages signifi-
cantly differ from one country to another, as shown
in (Jovasevi¢ et al., 2015). In terms of health impact
assessment studies, it is mandatory to characterize the
concentration, particle size distribution, and chemical
composition of PM in indoor microenvironments as
people spend most of their time indoors (Franck et al.,
2011). PM in indoor air originates from outdoor infil-
tration and additional indoor sources, such as cook-
ing, smoking, heating devices, and dust resuspension
(Morawska et al., 2017; Wallace, 2006).

Outdoor monitors underestimate the personal
exposure to toxic compounds contained in PM,
in comparison with personal and indoor monitors
(Adgate et al., 2007). Extensive research has been
conducted to characterize PM mass concentrations in
the indoor environment. Gravimetric methods are still
the basis of the European and US reference methods
for PM,, and PM, s monitoring, but other monitor-
ing techniques that can provide equivalent results to
the PM reference method may be used (Tasic et al.,
2012). The development of new low-cost PM sen-
sors, monitors, and low-cost PM-based monitoring
networks has enabled researchers to collect data and
monitor real-time measurement processes with much
higher time resolution. The quality of the data col-
lected in this way could be questionable due to the
lack of information on the degree of concordance
of the results with the results of the reference PM
monitors. This is crucial for assessing the usability
of the results obtained by using low-cost PM moni-
tors when conducting health impact studies. The
long-term characteristics of low-cost PM sensors and
monitors have not been documented well, except for a
few widely used sensors and monitors (Alfano et al.,
2020).

Most of the low-cost PM monitors use the Mie
scattering principle (Mishchenko, 2009) by utilizing a
semiconductor laser as a light source and a measuring

@ Springer

cell where the scattered light is led directly and via
a mirror onto a detector (Venkatraman et al., 2021).
The information available from the datasheets of the
most popular PM low-cost sensors is summarized in
(Giordano et al., 2021; Venkatraman et al., 2021).
Another useful discussion of the measurement prin-
ciples of low-cost sensors is provided in (Giordano
etal., 2021).

This research addresses the laboratory and field
validation of three new low-cost PM monitors of the
same type that use the NOVA SDS011 PM sensor mod-
ule (NovaFitnes, 2021) over a 1-year period in different
indoor and outdoor environments. Another goal of our
research is to establish a simple procedure for the cor-
rection of the low-cost PM monitor results by comparing
them with the PM concentrations obtained using the
reference gravimetric method. The NOVA SDSO011
PM sensor (Liu et al., 2019) was chosen for instal-
lation in low-cost PM monitors and for further tests
after long-term testing in laboratory conditions (Tasic
et al., 2018), where it displayed good characteristics
in terms of temperature stability and reliability (opera-
tional data coverage).

Materials and methods
Sampling locations and measurement campaigns

The indoor and outdoor PM measurement campaigns
were carried out in two cities in Serbia, which
represent different hot spots of PM air pollution: from
industry (Bor) and from traffic and local heating (NiS).
In the city of Bor, the main source of air pollution,
together with SO, gas, heavy metals in PM, and aero
sediments, is the copper smelter (Tasic et al., 2010).
In contrast, in the city of Ni§, the main sources of PM
particles are traffic and local heating (Kovacevic et al.,
2015). Accordingly, the selected cities are expected
to be quite different in terms of concentration,
composition, and particle size distribution of PM
particles.

Several measurement campaigns were conducted
in the period from January 15, 2021, to January 15,
2022, in both heating and non-heating periods of the
year, with the aim of further exploring the impact of
seasonal changes, particle size distribution, and PM
concentration levels on PM monitor readings. The
evaluation of the low-cost PM sensors’ characteristics
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in indoor air was carried out at two laboratories:
the Mining and Metallurgy Institute (MMI) in Bor
(44°03'37"N, 22°06'07"E) and the Faculty of Occu-
pational Safety (FOS) in Ni§, University of Nis
(43°18'42"N, 21°53'11"E), as shown in Fig. 1. The
examination of the PM monitor characteristics in
outdoor air was carried out through colocation with
the Grimm EDM180 PM monitors at the following
National Air Quality Monitoring Stations (NAQMS):
Public Health Institute (PHI) Nis (43°18'57"N,
21°54" 51"E) and Town Park (TP) Bor (44°04 33"N,
22°05'58"E), as shown in Fig. 1.

Sampling equipment and data collection — indoor air

The monitoring equipment settings in indoor air were
the same for both laboratories used in the sampling
campaigns. Two European reference low-volume sam-
plers, LVS3 (Sven/Leckel LVS3), were co-located with
the direct reading aerosol monitoring device, Turnkey
OSIRIS Particle Monitor Model 2315 (Tasic et al.,
2012), and three PAQMON 1.0 PM monitors (marked
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Fig. 1 Measurement sites and colocation setups

P1, P2, and P3). Turnkey OSIRIS PM monitors had
also been used for the assessment of indoor and out-
door PM concentrations in the previous studies (Briggs
et al, 2008; Gulliver & Briggs, 2007; Keuken et al.,
2010a, b; Kim et al., 2008; Tasic et al., 2012; Tasic
et al., 2015).

PAQMON 1.0 PM monitor (Fig. 2) uses an
Arduino Mega 2560 microcontroller (Arduino,
2021) as a control board. A NOVA SDSO011 sensor
module (Liu et al., 2019) is used for measurements
of the PM,, and PM, s mass concentrations in the
range from 0 to 1000 ug/m>. A DHT22 sensor mod-
ule (Sparkfun, 2021) is used for temperature (—10
to+40 °C) and relative humidity (20 to 90% RH)
measurements. The measurement results are stored
as text files on a microSD card and displayed on an
LCD display, as shown in Fig. 2. The predefined
measuring interval is one second while the averaging
interval is set to 1 min. If needed, the averaging inter-
val could be set up in the range from 5 s up to 1 h.
Results of measurements can be simply downloaded
to a PC over a standard USB serial port. The typical
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Fig. 2 PAQMON 1.0 low-
cost PM monitor

instrument zero ranged from 0.1 to 0.4 ug/m? for both
PM fractions. The instrument does not currently have
the ability of zero adjust. Adjustment of the slope
coefficient of the working curve is possible for both
PM fractions.

Two LVS3 reference samplers carrying PM,, and
PM, 5 impactors were placed in the center of the labo-
ratories. There were 1-2 regular occupants in the lab-
oratories, which have very similar capacities of 20-25
m?®. The laboratories have window surfaces of 1.5 and
2 m? and only one door, which was usually closed,
while the floor of the laboratories was covered with
laminate. During the heating season, laboratories are
heated from a central heating system via radiators.
There are no mechanical ventilation or air condition-
ing systems in the laboratories, so ventilation is pro-
vided simply by opening the windows or the doors.
During the measurement campaign in the laboratory,
the windows and doors were usually closed. Twenty-
four-hour average PM,, and PM, 5 mass concentra-
tions were obtained using the LVS3 reference sam-
plers. The OSIRIS monitor provides 15 min while
PAQMON 1.0 monitors provide 1-min average PM,,
and PM, 5 mass concentrations. For the calculation of
the daily averages of PM, a minimum capture of 90%
of 15-min and 1-min averages was required; other-
wise, the value was considered as missing. The flow
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rate of the LVS3 samplers (38.3 1/min) and the OSI-
RIS monitor (0.6 I/min) was calibrated using certified
flow meters at the beginning of each measurement
campaign.

Sampling equipment and data collection — outdoor
air

The PM monitoring equipment settings in outdoor air
were the same for both outdoor sites used in the study.
Two European reference samplers, Lifetek PMS
(Lifetek, 2021), and three PAQMON 1.0 PM moni-
tors were co-located at NAQMS TP Bor and PHI Nis
with the Grimm EDM180 PM monitoring system,
which provides 1-h average PM mass concentrations.

Measurement campaigns in Bor

During the heating season (October to March), the
indoor PM samples were collected in the laboratory
at MMI Bor from April 9 to April 18, 2021. In the
non-heating season (April to September), the indoor
PM samples were collected in the same laboratory
from June 7 to June 21, 2021. During the heating
season, the outdoor PM samples were collected at
NAQMS TP Bor from March 23 to April 9, 2021. In
the non-heating season, the outdoor PM samples were
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collected at NAQMS TP Bor from July 30 to August
9,2021.

Measurement campaigns in Ni§

During the heating season, the indoor PM samples
were collected in the laboratory at FOS Ni§ from
February 21 to March 9, 2021. In the non-heating
season, the indoor PM samples were collected in the
same laboratory from May 14 to May 24, 2021. Dur-
ing the heating season, the outdoor PM samples were
collected at NAQMS PHI Nis from December 23 to
January 11, 2022. In the non-heating season, the out-
door PM samples were collected at NAQMS PHI Nis
from May 24 to June 7, 2021.

Gravimetric analysis of PM samples

Quartz fiber filters (Whatman QMA 47-mm-diameter
filters) were used throughout this study for gravimet-
ric sampling. Samples were collected on a daily basis
(3 PM-3 PM), whereby 112 samples were collected in
total, 56 samples per each PM fraction. Pre-conditioning
and post-conditioning of the filters were undertaken in
the MMI Bor laboratory following the requirements of
EN 12341 standard. PM mass concentrations were cal-
culated using the average weights of filters. The detec-
tion limit was 2.2 pg/m®, calculated as three times the
standard deviation of the net mass of field blanks
divided by the nominal air sample volume.

Statistical analysis

Data sets were analyzed to assess the overall agree-
ment between PM levels obtained with different PM
monitors and sampling techniques. Several statistical
evaluation measures were used to quantify the differ-
ences between the obtained PM concentrations. The
1-h average, standard deviation (SD), coefficient of
variation (CV), accuracy, precision, mean bias error
(MBE), root mean square error (RMSE), inter moni-
tor variability (IMV), and correlation coefficients (R?
between reference instruments and corrected results
of the tested PM monitors were calculated (Zamora
et al., 2020). All analyses were completed using SPSS
Statistics 17.0 and Microsoft Office Excel 2010.
Accuracy is the degree of closeness between the
measured value obtained by a PM monitor and the
reference value. The accuracy for each colocation

period was calculated using Eq. (1) (Liu et al., 2019;
Zamora et al., 2020), where REF is the mass concen-
tration of reference instrument (Grimm 180 EDM
for outdoor air or OSIRIS for indoor air) and Unit, is
the average mass concentration measured by i-th PM
monitor during the colocation period.

REF — Unit,

Accuracycampaign =100 - ’ REF

x 100 (1)

The overall accuracy was calculated by averaging
accuracies from each colocation period Eq. (2).

1 n
OverallAccuracy = - Z Accuracymmpa,-g,, 2)

i=1

We also calculated the mean bias error (MBE)
using Eq. (3) to assess if the instruments consistently
overestimated or underestimated the PM mass con-
centration. It should be noted that Eq. (3) is applied to
1-h average PM mass concentrations.

| ~ REF — Unit, 100
MBE = = ; T 3)

The coefficient of variation (CV), as the meas-
ure of the spread of data points around the average,
was calculated using Eq. (4), where ¢ is the stand-
ard deviation and yu is the mean of the 1-h averaged
measurements.

CV=o/u 4)

The precision of the two PM monitors (AP) was
calculated using Eq. (5). A precision error of 0%
between two units would indicate that the units meas-
ured identical values (Zamora et al., 2020).

Unit, — Unit,

Precision = 5
Avemge(Unit1 , Unitz) )

The coefficients of determination (R?) were calcu-
lated between the PM monitors (presented as Unit-
R?) and units vs. the REF (presented as REF-R?). The
root mean squared error (RMSE) was calculated using
Eq. (6), where REF; and Unit; are the corresponding
i-th 1-h average PM concentrations from a colocation
period with N hours. A value of 0 would indicate a
perfect agreement between REF and the unit (Zamora
et al., 2020). The overall RMSE was calculated by
averaging values from each colocation period.
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n .\2
RMSE = \/ Zi (REI;‘ - Unit;) ©6)

Inter-monitor variability (IMV) is related to how
close the measurements from three units of the
same monitor type are to each other. For a set of
three monitors, the IMV is reported as a percentage
and is calculated using Eq. (7) (Liu et al., 2019):

Meanhighesl - Meanlowesl
Mean

average

IMV(%) = x 100 (7)

where Meany;yp,. is the highest of the three moni-
tors’ average concentrations,, Mean, .. is the low-
est of the three monitors’ average concentrations, and

. o
Mean, ., is the average of the three monitors’ aver-
age concentrations.

Results and discussion
Correction factor calculation

To calculate the temporal distribution of PM mass
concentrations more accurately, the results of PM
monitors were corrected following the slightly mod-
ified method of Ramachandran et al. (2003). As pre-
viously mentioned, 24-h gravimetric samples were
collected concurrently with the PM monitors’ meas-
urements. The results of PM monitors were scaled
using a specific correction factor Eq. (8):

F_l

n

n Gi
Loy ®)

where F is the correction factor, Gi is the 24-h mean
gravimetric PM concentration for i-th day of meas-
urements, Si is the corresponding 24-h mean PM
concentration obtained by automatic PM monitor for
the i-th day of measurements, and » is the number of
days. Each 1-h result of the PM monitors was multi-
plied by this correction factor. The correction factor
for each monitor and each PM fraction is shown in
Table 1.

According to the data shown in Table 1, all tested PM
monitors show lower results compared to those obtained
using the reference method. It is noticeable that the cor-
rection factors are in most cases higher in the outdoor air
than in the indoor air. This can be attributed to the greater
influence of meteorological factors on outdoor PM read-
ings than in indoor microenvironments (Wallace et al.,
2021; Wu et al., 2022). The average value of the correc-
tion coefficient for the PM, fraction is 1.18, while in the
case of PM, s, this value is 1.20. The values of correction
factors obtained in our research are quite consistent both
for laboratory and field measurements. Furthermore, the
PM, 5 correction factors for outdoor measurements are
in good agreement with the results obtained previously
(Liu et al., 2019). In contrast, widely used low-cost PM, 5
monitor PurpleAir, with Plantower PMS5003 sensor
(Wallace et al., 2021), overestimates PM, 5 values up to
40% in outdoor air. Similarly, other experimental results
suggested that most light-scattering instruments, such
as TSI Dust Trak, overestimated PM,, and PM, 5 levels
by about 2-2.5 times, respectively, compared with the
reference instruments (Tasic et al., 2012). Therefore, the
characteristics of each type of low-cost sensor have to be
checked, because they vary regardless of the similar prin-
ciple of operation. These results strongly suggest that the
correction of PM results obtained from low-cost sensors
is crucial for the usability of measurement results.

Table 1 Summary of the

correction factors (HS, Campaign PMio PMas

heating season; NHS, non- P1 P2 P3 P1 P2 P3

heating season)
MMI BOR HS indoor 1.10 1.10 1.20 1.10 1.15 1.20
TP Bor HS outdoor 1.15 1.20 1.20 1.30 1.20 1.25
MMI Bor NHS indoor 1.10 1.15 1.10 1.15 1.20 1.20
TP Bor NHS outdoor 1.20 1.30 1.15 1.20 1.15 1.30
FOS Nis HS indoor 1.10 1.15 1.10 1.15 1.20 1.20
PHI Ni§ HS outdoor 1.30 1.20 1.20 1.20 1.25 1.25
FOS Nis NHS indoor 1.15 1.20 1.20 1.15 1.20 1.15
PHI Nis NHS outdoor 1.30 1.20 1.15 1.20 1.20 1.25
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Analysis of results from measurement campaigns in
Bor

Summaries of the mean PM mass concentration (ug/
m?), standard deviation (SD), coefficient of variation
(CV), accuracy (%), mean bias error (MBE), root
mean square error (RMSE), and inter-monitor vari-
ability (IMV) for the measurement campaigns in Bor
and NiS are given in Tables 2 and 3, respectively.
Based on the results shown in Table 2, it can be
concluded that the highest values of mean concen-
trations, SD and RMSE, were obtained for the PM,,
fraction in outdoor air during both the heating and
non-heating seasons. CV values were fairly uniform
in both the heating (mean 0.55) and non-heating sea-
sons (mean 0.64), as was the accuracy of the meas-
urements. MBE values varied from case to case in
the range from—8.6 to 17.2% (P3), but they were

Table 2 Summary of the mean PM mass concentrations (ug/
m®), standard deviation (SD), coefficient of variation (CV),
accuracy (%), mean bias error (MBE), root mean square error

consistent only in the case of PM,, measurements in
outdoor air when the results of all monitors exceeded
the reference values. For the sake of illustration, Fig. 3
shows the diagram of the hourly values of PM concen-
trations in the measurement campaign for outdoor air
in Bor during the non-heating season.

Analysis of results from measurement campaigns in
Nis

Based on the results shown in Table 3, it can be con-
cluded that the highest values of mean PM concentra-
tions, SD, and RMSE were obtained for the outdoor air
PM,, and PM,  fractions in the heating season. It should
be mentioned that the mean PM concentration measured
during both indoor and outdoor campaigns in the heating
season in Ni§ was quite high, higher than national limits
for mean daily PM,, (50 pg/m*) and PM, 5 (25 pg/m?)

(RMSE), and inter-monitor variability (IMV) for the measure-
ment campaigns conducted in Bor (HS, heating season; NHS,
non-heating season)

BOR campaigns Unit  Mean (pg/m3) SD (pg/m3) CV Accuracy (%) MBE (%) RMSE (pg/m3) IMV (%)
PM,,—MMIBOR Pl 1094 7.44 0.68 99.34 10.84 3.21 6.70
NHS indoor P2 1037 6.82 0.66  94.20 571 3.36

P3 1110 9.78 0.88  99.19 0.16 1.70
PM,;— MMIBOR P1 8.84 5.55 0.63 94.97 2.36 2.36 7.69
NHS indoor P2 8.63 5.52 0.64 92.67 —-0.62 2.17

P3 8.72 6.54 075 93.66 -5.83 1.40
PM,, — TP BOR Pl 19.58 11.53 0.59  94.53 12.05 9.33 10.92
NHS outdoor P2 1854 10.68 0.58 89.52 6.13 9.22

P3 2066 11.48 0.56  99.74 17.16 8.96
PM, ; — TP BOR P1 8.91 5.12 0.58 88.13 -435 3.07 20.71
NHS outdoor P2 9.58 5.26 0.55 94.79 2.90 2.68

P3 8.20 4.33 053 81.15 -8.01 3.80
PM,,—MMIBOR Pl  13.12 9.78 0.75 97.50 10.87 4.33 6.17
HS indoor P2 1312 8.69 0.66 97.52 12.93 5.02

P3  12.65 11.32 0.89  94.00 -3.17 2.73
PM,;—MMIBOR P1 1140 5.72 0.50 94.94 4.20 3.30 11.29
HS indoor P2 10.85 5.77 0.53  90.35 —2.00 3.30

P3 1074 6.99 0.65 89.42 —-8.62 2.30
PM,, — TP BOR Pl 2264 10.09 045 9541 11.95 11.12 5.70
HS outdoor P2 2241 8.93 040 94.49 11.14 10.35

P3  22.99 11.06 048 96.92 10.64 9.67
PM, ; — TP BOR Pl 13.04 5.13 039 9691 0.35 3.77 10.88
HS outdoor P2 14.54 6.03 041 91.96 10.78 3.87

P3  14.04 7.09 0.50  95.68 6.79 5.00
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Table 3 Summary of the mean PM mass concentrations, (RMSE), and inter-monitor variability (IMV) for the measure-
standard deviation (SD), coefficient of variation (CV), accu- ment campaigns conducted in Ni§ (HS, heating season; NHS,
racy (%), mean bias error (MBE), root mean square error non-heating season)
NIS campaigns Unit  Mean (ug/m®)  SD (ug/m®) CV  Accuracy (%) MBE (%) RMSE (ug/m® IMV (%)
PM,,—FOSNIS P1 19.89 45.99 231 90.29 3.80 13.73 9.31
NHS indoor P2 1850 43.89 237 97.94 -2.03 12.18
P3 19.08 45.23 237 9474 —3.66 12.66
PM,;—FOSNIS P1 15.65 2571 1.64 9284 6.14 6.74 7.09
NHS indoor P2 14.58 23.98 1.64  99.86 0.97 5.97
P3 1531 27.20 178 95.17 -0.92 7.86
PM,,—PHINIS P1 13.54 5.52 0.41  98.96 2.69 3.37 10.58
NHS outdoor P2 14.61 5.24 036  91.00 12.54 3.49
P3 14.90 6.13 041  88.86 14.11 4.26
PM,;—PHINIS P1 10.70 437 041 9197 14.67 2.55 8.83
NHS outdoor P2 10.82 4.64 043  90.67 15.42 243
P3 10.40 5.04 048 9493 8.21 2.53
PM,,—FOSNIS P1 33.30 29.92 090 97.85 8.90 6.71 7.33
HS indoor P2 3172 30.09 0.95 97.11 -1.62 6.70
P3 34.14 33.80 0.99 9528 1.56 8.68
PM,;—FOSNIS P1 26.80 25.97 0.98 9834 —435 5.43 5.38
HS indoor P2 2582 25.70 1.00 9475 —9.25 5.70
P3 26.43 26.54 1.00  96.97 —8.63 5.89
PM,,—PHINIS  P1 54.74 54.85 1.00  98.98 —3.49 24.66 7.74
HS outdoor P2 56.68 55.40 098 97.51 0.68 25.28
P3 59.11 56.36 095 93.12 5.19 26.91
PM,; —PHINIS Pl 54.47 55.23 1.0l 99.39 -231 24.24 6.04
HS outdoor P2 5214 52.16 1.00 9630 —-6.09 22.46
P3 51.27 48.86 0.95 94.69 -6.36 21.36
100 100
—P1
75 75 ke
= T 58
% %, —REF
2 so = 50
g N
25 25
0 : 0
30/07 31/07 01/08 02/08 03/08 04/08 05/08 06/08 07/08 08/08 30/07 31/07 01/08 02/08 03/08 04/08 05/08 06/08 07/08 08/08

Time (hour) Time (hour)

Fig. 3 The 1-h mean outdoor PM mass concentrations measured at TP Bor in NHS
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outdoor air concentrations. CV values were fairly uni-
form in the heating season (mean 0.98), while in the non-
heating season they ranged from 0.36 to 2.37 (for P2,
PM,, fraction). The accuracy of PM monitors was over
90% except in the case of P3 monitor for PM, fraction
during the outdoor campaign in NHS.

The MBE values varied from case to case in the
range from—9.2 to 15.4% (P2). These were more
consistent in the case of indoor air PM, s measure-
ments, but the results of all PM monitors in this case
underestimate the reference values. For the sake of
illustration, Fig. 4 shows PM concentrations observed
in NiS in the indoor air in the HS.

Furthermore, in accordance with the results shown
in Tables 2 and 3, it is clear that all PM monitors show
very similar mean PM concentrations, SD, CV, and
RMSE values. The IMV values in the Bor campaigns
ranged from 5.3 to 11.3 with one exception of 20.7
(PM, 5 outdoor NHS), whereas in the Ni§ campaigns,
IMV ranged from 5.3 to 10.6, which is fairly compa-
rable with the results obtained previously (Liu et al.,
2019). The same conclusion applies to the accuracy
obtained in our research and in (Liu et al., 2019).

Analysis of results obtained for R?

Table 4 presents R values obtained between the
PM monitors and the reference instruments dur-
ing the entire period of measurements. Values
of R2 shown in Table 4 were generally higher for
indoor air, mostly because of the minor effect of

125

—P1

100

7]

PMy, (ug/m?3)

50

25

N

0
25/02 26/02 27/02 28/02 01/03 02/03 03/03 04/03 05/03 06/03

Time (hour)

meteorological parameters (especially T and RH)
on PM monitor readings.

As expected, the lowest values of R? between the
PM monitors were observed for the outdoor meas-
urements of PM concentrations 0.70 (between P2
and P3) in Bor, and 0.92 (between P1 and P3) in Nis.
The lowest values of R? between the PM monitors
and REF were 0.52 (between P3 and REF) in Bor
and 0.58 (between P3 and REF) in NiS. The highest
values of R? between the PM monitors were 0.990
(between P1 and P2) in Bor, and 0.998 (between P1
and P2) in Ni§, both obtained from indoor air.

The highest values of R? between the PM moni-
tors and REF were 0.975 (between P3 and REF) in
Bor, and 0.958 (between P3 and REF) in Nis, both
obtained from indoor air, as well. The results are con-
sistent with those obtained for outdoor PM measure-
ments in Poland (Badura et al., 2018) and Norway
(Liu et al., 2019).

Notes concerning the T and RH influence on PM
measurements

The percentage of 1-h mean RH values over 80%
was 27% and 11% during measurement campaigns in
Bor in HS and NHS, respectively. The percentage of
1-h mean RH values over 80% during measurement
campaigns in Ni§ was 21% and 0% in HS and NHS,
respectively. Average T and RH during outdoor air
measurements in Bor were 7.6 °C and 66.3% in HS
and 24.6 °C and 58.1% in NHS, respectively. Average
T and RH during outdoor air measurements in Ni§
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w
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Fig. 4 The 1-h mean indoor PM mass concentrations measured at FOS Ni§ in HS
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Table 4 Summary of the R? values between the PM monitors and the reference instruments

BOR Unit R? R? R? R? NIS Unit Pl P2 P3 REF
campaigns P1 P2 P3 REF  campaigns R? R? R? R?
PM,,— MMIBOR P1 1 0975 0953 0920 PM,,—FOSNIS P1 1 0.992  0.988 0.952
NHS indoor P2 0975 1 0.967 0.948 NHS indoor P2 0992 1 0.996  0.949
P3 0953 0967 1 0.970 P3 0988 099 1 0.958
PM,.— MMIBOR Pl 1 0.984 0930 0928 PM,;—FOSNIS P1 1 0.991 0.984 0.952
NHS indoor P2 0984 1 0.955 0.958 NHS indoor P2 0991 1 0.992  0.944
P3 0930 0955 1 0.973 P3 0984 0992 1 0.951
PM,, — TP BOR P1 1 0953 0721 0599 PM,,—PHINIS P1 1 0.977 0.937 0.645
NHS outdoor P2 0953 1 0.704 0.628 NHS outdoor P2 0977 1 0.928 0.644
P3 0721 0704 1 0.624 P3 0937 0928 1 0.581
PM, ; — TP BOR P1 1 0942 0733 0.807 PM,5—PHINIS P1 1 0.959 0916 0.734
NHS OUT P2 0942 1 0.714 0.833 NHS outdoor P2 0959 1 0.932  0.777
P3 0733 0714 1 0.765 P3 0916 0932 1 0.760
PM,,— MMIBOR Pl 1 0965 0972 0940 PM,,—FOSNIS P1 1 0.998 0.998 0.950
HS indoor P2 0965 1 0.981 0.948 HS indoor P2 0998 1 0.998  0.952
P3 0972 0981 1 0.975 P3 0998 0998 1 0.952
PM,,— MMIBOR Pl 1 0.990 0980 0935 PM,;—FOSNIS P1 1 0.997 0.998 0.958
HS indoor P2 0990 1 0.976 0.951 HS indoor P2 0997 1 0.998  0.955
P3 0980 0976 1 0.973 P3 0998 0998 1 0.952
PM,, — TP BOR P1 1 0923 0.869 0516 PM,;,—PHINIS P1 1 0.996 0.987 0.805
HS outdoor P2 0923 1 0.935 0.597 HS outdoor P2 09% 1 0.990 0.801
P3 0869 0935 1 0.630 P3 0987 099 1 0.786
PM, ; — TP BOR P1 1 0973 0.899 0.660 PM,;—PHINIS P1 1 0.997 0.986 0.818
HS outdoor P2 0973 1 0.909 0.726  HS outdoor P2 0997 1 0.986 0.819
P3 0899 0909 1 0.548 P3 098 0986 1 0.812

were 9.1 °C and 69.6% in HS and 21.4 °C and 51.6%
in NHS, respectively.

The effect of T and RH on PM monitor read-
ings needs to be taken into consideration when
using low-cost particle sensors (Crilley et al.,
2018; Wallace et al., 2011; Jayaratne et al., 2018;
Venkatraman Jagatha et al., 2021). PM mass con-
centrations measured with any light scattering
instrument increase with relative humidity due to
the increase of the average particle size associated
with condensational growth of its hygroscopic
components (Chakrabarti et al., 2004; Fischer and
Koshland, 2007; Badura et al., 2018; Liu et al.,
2019).

The PM results were not corrected for T and RH
influence because this investigation falls outside the
scope of this paper; the influence of T and RH on
the readings of the NOVA SDSO11 sensor will be
the subject of our future paper.

@ Springer

Based on our experimental research with the
NOVA SDSO011 sensor conducted in the previous
2 years in the outdoor air in Bor (the results have
not been published yet), in the case of RH>80%,
the PM,, readings highly overestimate the values
obtained by the reference instrument (GRIMM
EDM180). This also applies to PM, s readings but
is much less pronounced than in the case of PM,,
readings.

For the sake of illustrating the influence of the
outdoor environment on PM results, Fig. 5 shows the
scatter plots of PM concentrations observed in the
Bor outdoor air in the HS. The left portion of Fig. 5
shows lower values of R? in the case of PM,, results
(influence of RH on readings) in comparison with the
R? values obtained for PM, 5 (Fig. 5, right portion).

Also, Fig. 6 shows the scatter plots of PM con-
centrations observed in the Ni§ indoor air in the HS.
Figure 6, left portion, presents R? in the case of PM 10
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results while the R? values for PM, 5 are shown on the
right. Both portions of Fig. 6 show excellent match-
ing of PM results for both indoor PM,, and PM, s
fractions as well as excellent precision (AP).

Analysis of results obtained for the precision between
the PM monitors

Table 5 shows the AP between the PM monitors
obtained in this study. The ambient regulatory instru-
ments must exhibit precision below 0.1 (Zamora
et al., 2020). During the entire measurement period,
precision between PM monitors P1 and P2 was below
or equal to 0.1 with one exception (outdoor PM, 5 TP
Bor HS). The P3 monitor exhibited variable preci-
sion with P1 and P2 in the range from 0.04 up to 0.27,
with the lowest values observed for PM2.5 fraction
in the indoor air, but with no consistency required for
the regulatory instruments.

Operational data coverage and other remarks
The operation of all tested PM monitors was stable

and reliable during the entire duration of the meas-
urements, without blockages and without missing

data. In the last 3 years, we have tested more than 20
NOVA SDS011 PM sensors and implemented them in
different types of PM monitoring devices. Our expe-
rience with NOVA SDS 011 is positive, considering
the exceptional durability and stability of the sensors’
PM readings in the indoor air. Not many investiga-
tions have been conducted so far in the outdoor air.
There were only a few malfunctions of the sensor fan,
which became quite loud, so it needed to be replaced.

Kuula et al. (2020) reported that the NOVA
SDSO011 sensor can be inaccurate for PM;, meas-
urements, which was also concluded by (Budde
et al., 2018). Regardless, the NOVA SDSO11 sen-
sor has the potential to measure PM, 5 concentra-
tions fairly accurately (Badura et al., 2018; Liu
et al.,, 2019). The present research showed that
for the indoor PM, s concentrations in the range
0-200 pg/m’, with appropriate correction of the
PM results obtained from low-cost PM moni-
tors by comparing them with the results obtained
from the reference instruments, and for a specific T
range 10-30 °C and RH range 10-70%, the tested
PM monitors can be sufficiently accurate for quan-
titative measurements of PM, 5 mass concentrations
in indoor air.
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Fig. 5 Scatter plots of the 1-h mean outdoor PM mass concentrations measured at TP Bor in HS (PM,, on the left, PM, 5 on the

right)

@ Springer



595

Page 12 of 15

Environ Monit Assess

(2022) 194:595

P1 y =0.9937x + 1.7762 | y = 0.8845x + 3.1048 |y = 1.0167x + 0.1552 P1 y =1.009x + 0.7449 |y =0.9774x + 0.9682 |y = 1.0414x - 1458205
R? = 0.9982 of R? = 0.9982 R2=0.9504 oo R? = 0.9974 R? = 0.9981 R2=0.9579
[ugim?] AP =0.10 AP =0.12 ° [ug/m?] AP =0.06 °| AP =0.06
MAX = 173.8 MAX = 143.8
MIN = 5.5 MIN = 3.4
AVG =33.3 AVG =268
RMSE = 6.71 RMSE = 5.43 <
y = 1.0045x - 1.7256 P2 y = 0.8894x + 1.3614 |y = 1.0229x - 1.6209 y = 0.9885x - 0.6701 P2 y = 0.9676x + 0.2507 |y = 1.029x - 2.2221° a
R? = 0.9982 R? = 0.9984 R2=0.9516 o R:=0.9974 R? = 0.9983 R?=0.95460 &
AP =0.10 lug/m] AP =0.08 ° AP =0.06 lug/m’] AP =0.04 .
MAX = 168.5 MAX = 143.1
MIN = 4.6 MIN = 3.1
AVG = 31.7 AVG = 25.8
RMSE = 6.70 RMSE = 5.70 4
y =1.1285x - 3.4416 |y =1.1226x - 1.4742 P3 y =1.1495x - 3.33350 y =1.0211x - 0.9374 |y =1.0317x - 0.2146 P3 y =1.0628x - 2.5365
R? = 0.9982 R? =0.9984 R?=0.9521, R?=0.9981 , #|R?=0.9983 R? = 0.9550 ,
AP =0.12 AP =0.08 [ug/m?] AP =0.06 AP =0.04 [ugim?]
MAX = 189.6 MAX = 145.7
MIN = 3.5 MIN = 2.6
AVG =34.1 AVG = 26.4
RMSE = 8.68 RMSE = 5.89
y = 0.9348x + 1.4707 |y = 0.9303x + 3.0859 |y = 0.8283x + 4.3225 y = 0.9198x + 2.6027 |y = 0.9277x + 3.2983 |y = 0.8986x + 3.5069
R? = 0.9504 R?=0.9516 R? = 0.9521 REF R:=0.9579  S|R*=09546 |R?=0.9550 REF
° [ug/m?] ° [ug/m?]
e ° MAX = 157.7 MAX = 131.8
> © MIN = 2.3 MIN = 1.9
¢ AVG =326 AVG =27.3

Fig. 6 Scatter plots of the 1-h mean indoor PM mass concentrations measured at FOS Ni§ in HS (PM,, on the left, PM, 5 on the

right)

Table 5 Summary of
precision (AP) between the

PM monitors
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BOR Unit AP AP AP NIS Unit AP AP AP
campaigns P1 P2 P3 campaigns P1 P2 P3
PM,,—MMIBOR P1 O 0.08 0.18 PM,,—FOS NIS P1 0 0.09 0.16
NHS indoor P2 008 O 0.15 NHS indoor P2 009 O 0.09
P3 018 015 0 P3 0.16 009 0
PM,;—MMIBOR P1 O 0.05 0.15 PM,s;—FOS NIS P1 0 0.08 0.09
NHS indoor P2 005 O 0.12 NHS indoor P2 008 O 0.08
P3 015 012 0 P3 009 0.08 0
PM,, — TP BOR P1 O 0.07 0.26 PM,,— PHI NIS P1 0 0.10 0.12
NHS outdoor P2 007 O 0.27 NHS outdoor P2 010 O 0.09
P3 026 027 O P3 012 0.09 0
PM, ; — TP BOR P1 O 0.10 0.18 PM,;— PHI NIS P1 0 0.04 0.12
NHS OUT P2 0.10 0 0.22 NHS outdoor P2 004 0 0.12
P3 018 022 0 P3 012 012 0
PM,,—MMIBOR P1 O 0.07 0.16 PM,,— FOS NIS P1 0O 0.10 0.12
HS indoor P2 007 O 0.17 HS indoor P2 010 O 0.08
P3 0.16 0.17 0 P3 0.12 008 0
PM,;—MMIBOR P1 O 0.06 0.14 PM,;—FOS NIS P1 0 0.06 0.06
HS indoor P2 006 O 0.10 HS indoor P2 006 O 0.04
P3 0.14 010 O P3 006 004 O
PM,,— TP BOR P1 O 0.10 0.15 PM,,— PHI NIS P1 0 0.05 0.10
HS outdoor P2 0.10 0 0.09 HS outdoor P2 005 O 0.06
P3 0.15 0.09 P3 0.10 0.06 O
PM, ; — TP BOR P1 O 0.11 0.15 PM,;— PHI NIS P1 0 0.05 0.11
HS outdoor P2 011 0 0.13 HS outdoor P2 005 O 0.11
P3 015 013 0 P3 011 0.11 O
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Conclusions

In the last decade, as a possible alternative to the con-
ventional approach to air quality monitoring, real-
time monitoring systems that use low-cost sensors
and sensor platforms have been applied. Despite their
frequent use, mainly in the monitoring of outdoor PM
concentrations, long-term characteristics of low-cost
PM sensors have not been thoroughly documented
except for a few widely used sensors and monitors.
This research focused on the laboratory and field
validation of three low-cost PM monitors of the same
type that use the NOVA SDS011 PM sensor module
over a 1-year period, aiming to provide an insight into
their characteristics in different indoor and outdoor
environments.

The lowest values of R* between the PM moni-
tors and the reference instruments were obtained for
outdoor air while the highest values were obtained
for indoor air with R? values ranging from 0.93 up
to 0.97 (30<RH <70%). High RH values (over 70%)
negatively affected the PM monitors’ response, espe-
cially in the case of PM,, concentrations (high over-
estimation). Almost during the entire measurement
period, precision between PM monitors P1 and P2 for
both PM,, and PM, 5 fractions was below or equal to
0.1, which is required for the regulatory instruments,
while the P3 monitor exhibited more variable preci-
sion compared with P1 and P2. The accuracy of the
PM monitors was mostly over 90%. Based on all the
facts mentioned above, it can be concluded that the
NOVA SDSO011 sensor module is suitable for indica-
tive measurements of PM particles in indoor air. All
tested PM monitors showed very similar mean PM
values, SD, CV, and RMSE values. Further testing
of this low-cost sensor will be conducted in order to
determine the best model for correction the influence
of humidity, temperature, and other meteorological
factors on outdoor PM readings.
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