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ABSTRACT

Low-cost optical dust sensors are widely used in air purifiers, air conditioners, and air-quality monitoring networks. However, the quality and
reliability of these sensors have always been disputed because a standard calibration method has not been established. Low-cost dust sensors
used by researchers are calibrated using the researchers’ own methods by applying, for example, a co-location test with reference instruments,
a chamber test, or a low-speed duct test. In this study, a test method for the performance evaluation of low-cost sensors was developed using
KCl particles with an exponentially decaying particle concentration. With this method, the testing time can be significantly reduced to less than
10 min, and the response characteristics of the sensors to rapidly changing concentrations can be determined. AirAssure from TSI Inc., AirBeam2
from HabitatMap LLC, and DC1100 from Dylos were tested accordingly. The linearities of the measured particulate matter concentrations were
significantly good (R* > 0.95), except for the AirAssure sensors. It was also found that the response characteristics of the sensors depended
on the particle concentration decay times.
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1. Introduction

Low-cost dust sensors based on scattered light detection have been
widely used for measuring concentrations of atmospheric [1-10]
and indoor [2, 4, 11, 12] particles. Low-cost sensors can be deployed
in a variety of locations owing to their compactness, and large
numbers of these sensors can be easily operated to cover a wide
area because of their low cost and low energy requirements. Owing
to these advantages, particulate matter (PM) concentration monitor-
ing in indoor and outdoor environments and air purifier applications
have become new application areas for these sensors [13-16]. The
detection principle of these sensors is based on light scattering
from particles by using either a light-emitting diode or a laser.
However, the quality and reliability of data obtained from low-cost
sensors have been disputed [9, 15-17], and even sensor manu-
facturers and users cannot guarantee the sensor performance be-
cause few standard testing methods are available.

Some researchers have performed sensor evaluation tests using
low-cost sensors in a group co-located with research-grade reference
instruments [1-5, 8, 18], while others have tested sensors by employ-
ing particles with known sizes and comparing measured data with
reference instrumental observations [19, 20]. Holstius et al. [1]
calibrated their low-cost particle sensors using 1-h and 24-h data
obtained using a class IIl US EPA Federal Equivalent Method PM, 5
f-attenuation monitor (BAM-1020, MetOne) during continuous op-
eration at a regulatory monitoring site in California. This co-location
calibration method is usually time consuming. A similar co-location
test method was employed to calibrate a low-cost PM sensor in
the ambient environment over several winters by Kelly et al. [4].
For laboratory calibrations of low-cost sensors, two types of test
methods are known, i.e., a chamber method [7, 8, 12, 14, 15, 20,
21] and a low-speed wind tunnel test [4, 13]. In these studies,
the low-cost sensors were mostly tested in an environment with
uniform and consistent concentration or under a stepwise concen-
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tration change. The test method using a constant particle concen-
tration can provide information on the accuracy of the sensor reading
at a given particle concentration; however, this method usually
requires considerable time to obtain several data points and provides
little information about how well the sensor responds to concen-
tration changes. In addition, because most low-cost sensors adopt
a moving time average technique for data processing in order to
eliminate noise, sensor performance in an environment with rapidly
changing concentration is uncertain and needs to be evaluated.

When evaluating the performance of low-cost sensors, the se-
lection of test particles is an important issue. Atmospheric particles
feature unknown optical properties, unknown densities, and
non-uniform shapes, except for liquid droplets. For these reasons,
atmospheric particles might not be suitable as standard calibration
particles for optical sensors. However, polystyrene latex particles
have been used frequently, especially for optical particle counters,
because of their size uniformity and known optical properties.
However, because of their high price and, hence, unsuitability
for large-volume production, in this study, KCl particles, which
are widely used in the calibration of PM sensors, were used for
the evaluation of sensor performance. KCI particles are easily acces-
sible, inexpensive, and safe if inhaled. Moreover, the particle size
distribution of the KCI particles can be readily adjusted by using
different concentrations of KCl solutions when generating test
aerosols.

Although previous studies have obtained acceptable perform-
ance of low-cost sensors [12, 13, 15, 20, 22], careful sensor calibration
procedures and data validation are always needed before and after
the use of sensors to ensure unbiased measurement. Even calibrated
sensors can provide inaccurate data depending on conditions
such as particle concentration, laboratory use, and field measure-
ment [5, 8, 11]. The discrepancies in the measurement results
might be caused by the absence of a standardized test method
for the sensor manufacturers and end users [9]. There is still
a lack of calibration methods for low-cost sensors. In this study,
a test method was developed for the performance evaluation of
low-cost sensors deploying an exponentially decaying particle
concentration in a test duct system. Using this method, the
AirAssure (TSI Inc., St. Paul, MN, USA), AirBeam2 (HabitatMap
LLC, New York, NY, USA), and DC1100 (Dylos Corporation,
Riverside, CA) low-cost sensors were tested. From the results,
it is possible to estimate the characteristics of the sensor response
to rapidly changing concentrations.

2. Methods

2.1. Aerosol Generation and Test Duct Systems

A schematic of the sensor evaluation system is shown in Fig. 1(a).
The system consists of two main parts: a test aerosol generation
system and a test duct system. In the aerosol generation system,
a homemade atomizer is used to generate KCI particles from a
5-wt% KCl solution. The KCI particles are at charge equilibrium
by the use of a soft X-ray and are introduced to the particle
mixing chamber, where dry dilution air is supplied to mix with
the particles. Once the desired particle concentration is achieved

in the mixing chamber, the path between the atomizer and chamber
is disconnected; thus, no additional particles are introduced, and
only clean air is continuously supplied into the chamber. This
particle-laden flow is then introduced to the duct system. This
process guarantees an exponentially decaying particle concen-
tration in the mixing chamber.

The particles with an exponentially time-decaying concentration
are diluted using a second clean air supply system, and the diluted
particles are introduced to the test section; a uniform flow is formed
using a flow straightener, which has a typical honeycomb structure.
The test duct has a rectangular cross-section with dimensions of
€470 X 470 mm. This test zone is divided into four equal areas,
as shown in the inset “Cross section A-A” of Fig. 1(a). To assess
the flow and particle concentration uniformity, flow and concen-
tration measurements were carried out at the center of each quadrant
(i.e., Sections 1, 2, 4, and 5 at Cross section A-A) and the center
of Cross section A-A (i.e., Section 3 at Cross section A-A). The
aerosol mixing chamber and test duct were composed of metal,
to minimize the loss of particles adhering to the walls due to static
charges. During the test, the temperature and relative humidity
were set as 20-22°C and less than 70%, respectively. If the relative
humidity exceeds 84.6% (deliquescence relative humidity), the
KCl particles transition to the liquid state [23]. Some researchers
have reported that, if the operating temperature and relative humid-
ity are high, the dust sensors might not function appropriately
[3, 7, 9, 22].
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mass balance in the particle mixing chamber.




Environmental Engineering Research 27(5) 200501

2.2. Mass Balance in the Particle Mixing Chamber

A schematic of the particle concentration balance model in the
particle mixing chamber is shown in Fig. 1(b). Here, V is the chamber
volume, C;, is the initial particle concentration, ; is the incoming
clean air flow rate, G, is the particle concentration in the incoming
air, (. is the exiting aerosol flow rate, and C; is the particle concen-
tration of the exiting aerosols at time t. R represents the rate of
particle loss caused by particle deposition on chamber walls. With
these notations, the rate equation for the particle concentration
in the mixing chamber is

dac;

V=0 C—0Qc =R (1)

where Cp = 0 owing to the particle-free clean air, and R = 0 under
the assumption of negligible particle loss in the chamber. Therefore,
the particle concentration in the mixing chamber at time t can
be expressed as follows:

C; =Cip-exp (— %) (2)

Here, the incoming clean air flow rate and the exiting aerosol
flow rate are the same; on substituting = = V/Q, Eqg. (2) becomes

C; = Cip-exp (— E) (3)

Eq. (3) is called the “decaying” exponential function. For the
concentration C; on a logarithmic scale as a function of time ¢
on a linear scale, the plot is a straight line with a slope of —1/z,
and the slope of the decaying particle concentration can be altered
by changing the incoming clean air flow rate Q.

2.3. Validation of the Test Duct System

The test system was built by ART+ company (Model ADT-173,
Korea) based on the requirements mentioned above. For the uni-
formity check in the test section, the particle concentration in
each quadrant was measured using a Grimm environmental dust
monitor (EDM 180, Grimm Aerosol Technik Company, Germany).
The Grimm monitor was used as a reference instrument for evaluat-
ing the performance of the low-cost sensor. The particle concen-
tration uniformity in the test duct at the five sampling points was
found to be significantly good under all different mass concentration
conditions, i.e., 50-400 ,u,g/m3, without exceeding 5% of the mean
value, as shown in Fig. S1 in the Supplementary Materials (SM).
Each data point is the average value for 1-min measurements.

The size distribution within the exponentially decaying particle
concentration is shown in Fig. 2(a). The size distribution of the
KClI particles after 0, 1, 2, 3, 4, and 5 min has a geometric standard
deviation of approximately 1.51, regardless of the elapsed time.
Fig. 2(b) shows the PM, 5 concentrations measured using the refer-
ence instrument for 10 min under the decaying particle concen-
tration from approximately 100 to 10 ug/m’. The regression line
for the measurements shows excellent exponential decay with a
correlation coefficient, R, of more than 0.97. The test system per-
formance can be easily evaluated by obtaining results similar to
those in Fig. 2(b). If the aerosol generation system or the reference
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Fig. 2. (a) Particle size distributions as a function of elapsed time and
(b) PM,5 mass concentration measured by the Grimm EDM 180
(reference instrument) at the test section.

instrument does not function appropriately, the regression data
for the measurements shown in Fig. 2(b) do not form a straight
line on the semi-log graph.

3. Results and Discussion

3.1. Performance of Low-cost Sensors

For the performance test of low-cost dust sensors, three models
from three manufacturers (AirAssure from TSI, AirBeam2 from
HabitatMap, and DC1100 from Dylos) were purchased. To check
the unit-to-unit performance variation (or intervariability), three
units per model were tested. The tested low-cost dust sensors are
listed in Table S1 of the SM. The AirAssure measured PM, 5 mass
concentrations. AirBeam2 measured PM,, PM, 5, and PM,, mass
concentrations, and the DC1100 measured particle number concen-
trations in two size ranges: > 1 and > 5 pm.

For the dust sensor performance test, two cases of exponentially
decaying aerosol concentrations, i.e., decay times of 3 and 6 min,
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were used. The particle concentration was set to decrease from
approximately 100 to 10 pg/m®. Two decay times were used because
some of the low-cost sensors require a long averaging time to
handle data internally, and this long averaging time may not
ensure accurate measurements of rapidly changing concentrations
in the real world. Therefore, with this test, the response character-
istics of the sensors to concentrations with different decay rates
could be ensured.

Fig. 3(a) shows the PM, 5 concentration measurement data ob-
tained by unit #1 of the AirBeam2 with a 3-min decay time. The
blue solid regression line is from the reference instrument data,
i.e., the Grimm monitor. The correlation coefficient and slope of
AirBeam2 #1 are 0.9443 and —0.0076, respectively. Table S2 in
the SM summarizes the results of units #2 and #3 of AirBeam2.
The correlation coefficient values for all three units have excellent
linearity on the semi-log graph, and the variability between the
units is also stable. However, near the low particle concentration
region, after an elapsed time of approximately 2 min, the measured
concentration starts to deviate from the regression line. The tests
were repeated once more, and the results are summarized in Tables
S2-S4 in the SM. Furthermore, at a high particle concentration
of approximately 100 pg/m® the concentration obtained by
AirBeam2 is approximately 40 pg/m’ i.e., 40% of the reference
data value. At a lower concentration of approximately 10 pg/m?,
the sensor reading is approximately 7 pug/m’. The tests demonstrate
that the overall reading of the AirBeam2 sensors is approximately
40% lower than that of the reference instrument.

To check the response characteristics of the low-cost sensors,
the decay time of the particle concentration was increased from
3 to 6 min, indicating a slower decaying concentration. This was
done by controlling the clean air flow rate, Q;, supplied to the
particle mixing chamber, and the test results of AirBeam2 are shown
in Fig. 3(b) and Table S2 in the SM. In general, the sensor readings
are quite similar to the 3-min decay case. However, the slope of
the regression line is relatively well aligned compared with the
faster-decay case. This implies that the sensor response is affected
by the rate of concentration change. The ratio of the slope estimated
by each low-cost sensor to the slope of the reference data (Table
S2 in the SM) was also obtained. A low-cost sensor with a ratio
close to 1 indicates that the sensor performs better in terms of
the response characteristics. The average ratio for the 6-min decay
tests on AirBeam2 was estimated to be approximately 0.7 or more,
and this decreased to approximately 0.6 for the 3-min decay tests,
i.e., for the faster-decaying concentration.

Before the performances of other tested sensors are discussed,
the discrepancy between the absolute concentration value of the
Grimm reference instrument and the low-cost sensor at the begin-
ning of the decay region should be mentioned. There might be
several reasons for the observed discrepancy. Typically, the calibra-
tion of aerosol spectrometers including low-cost dust sensors is
achieved by each manufacturer in a different manner. The Grimm
dust monitor, used in this study as a reference instrument, is calibrated
with traceable monodisperse latex particles certified by the National
Institute of Standards and Technology. However, information regard-
ing the calibration process and conditions for the tested low-cost
sensors is not certain. They might have been calibrated under different
atmospheric conditions with different temperature and humidity
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Fig. 3. PM,5 mass concentrations measured by unit #1 of the AirBeam2
under the (a) 3-min and (b) 6-min concentration decay conditions:
blue circles represent the data obtained by the reference
instrument.

ranges. Most low-cost sensors employ optical measurement
techniques, including the sensors used in this study [4, 9, 22].
These optical sensors are easily affected by environmental fac-
tors [24]. Moreover, low-cost sensors are used for different use
cases, each with different performance standards [9]. Therefore,
low-cost sensors are calibrated to meet either strict, intermediate,
or lower requirements (e.g., accuracy) according to their regu-
latory standards [25]. Furthermore, the discrepancy might result
from a different specification of each sensor in terms of lower
and upper detection limits, sensitivity, and sensor-to-sensor varia-
bility [26].

Tests with the same procedure were performed with the
DC1100 low-cost sensors, and the test results for the 3-min concen-
tration decay case are shown in Fig. 4(a) and Table S3 in the
SM. The test results for all three units show a similar trend.
The particle number concentrations measured by the DC1100
are higher than for the reference data by several factors, i.e.,
approximately two times higher at a high concentration of approx-
imately 100 pg/m® and approximately three times higher at a



Environmental Engineering Research 27(5) 200501

low concentration of approximately 10 pug/m®. More importantly,
the slope of the regression line obtained by the DC1100 under the
3-min decay time is between —0.0102 and —0.0092, and the ratios
between the slopes obtained by the DC1100 and reference instrument
are more than 0.7.

The same tests were conducted with the concentration decaying
for 6 min, i.e., a more slowly changing concentration, and the
test results are shown in Fig. 4(b) and Table S3 in the SM. The
particle number concentration readings from the DC1100 instru-
ment are approximately 1.5-2 times higher than those of the refer-
ence instrument. However, the concentration counts for this slow-
er-decaying-concentration case indicate a better response character-
istic to concentration change than the faster-decaying case, as shown
in Table S3 in the SM. In other words, the ratios of the measured
concentration data to the reference data under the 6-min concen-
tration decay condition were estimated to be approximately between
0.8 and 0.9, which indicates that the DC1100 sensors reflect the
concentration changes quite well at this decay rate. The coefficient
of determination, R, for DC1100 is generally higher than that for
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Fig. 4. Number concentrations of particles larger than 1 um measured
by unit #1 of the DC1100 under the (a) 3-min and (b) 6-min
concentration decay conditions: blue circles represent the data
obtained by the reference instrument.

AirBeam2. However, a direct comparison of these values might
result in a misleading measure of the model fit. The number of
data points can affect the value of the correlation coefficient.
A detailed explanation of the correct use of B is well documented
in a study by Alexander et al. [27]. Therefore, the values of the
obtained coefficients shown in Figs. 3-5 should be considered
as the criteria for indicating the relative goodness of model fit,
e.g., a good model fit is considered when R* > 0.9.

The results for the AirAssure sensors are shown in Fig. 5 and
Table S4 in the SM. For the AirAssure sensors, the tests were only
conducted under the 6-min concentration decay condition. Unlike
the previously tested sensors, i.e., AirBeam2 and DC1100, the per-
formance of the AirAssure sensors is difficult to understand, as
seen in Fig. 5. In general, the sensor reading increased with the
higher particle concentration, and then the measured mass suddenly
dropped by almost one order of magnitude. Because of this unusual
characteristic, the sensor was not tested under the 3-min decay
condition. All units of the AirAssure sensor were tested again, and
a similar trend of the sensor readings was found for all the tests.
The data for the ratios between the slopes for the AirAssure and
reference instrument are in the range of 0.2817 to 0.5493, showing
a poor response of the sensor to the concentration change.

To evaluate sensor performance in rapidly changing particle con-
centrations, the slope of the concentration data obtained by each
sensor was plotted, as shown in Fig. 6. The solid line represents
the 1:1 correlation line for the slope. Data points closer to this
line indicate a better response to the rapidly changing concentrations.
The green dashed lines represent +20% of the 1:1 line. As seen
in Fig. 6, all data points are placed above the 1:1 correlation line,
meaning that the response time of the low-cost sensors is longer
than that for the reference instrument. When the three low-cost
sensors were compared, the DC1100 sensors performed the best,
followed by the AirBeam2 in terms of the response characteristic.
It is concluded that the AirAssure sensors have the lowest perform-
ance for the tests at the exponentially decaying particle
concentrations. Using the newly introduced test method, it is possible
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Fig. 5. PM,5 mass concentrations measured by unit #1 of the AirAssure
under the 6-min concentration decay condition: blue circles repre-
sent the data obtained by the reference instrument.



Ki-Tai Kang et al.

L
2 0.000 T
ﬂ 1 O AirBeam 2/6 min decay +
g O AirBeam 2/ 3 min decay A A +
5 @ DC1100/6 min decay A L
) 4 @4 DC1100/ 3 min decay A A 9 L
}',' -0.005 | £ AirAssure /6 min decay o oz~ |
o — 1:1 correlation line - L
] . : ° ﬂu/
2 o fo) - I
2 ) - 1
= 4 Oz — L
o « - +909
o 0010 4 ﬂ/ﬂ/,ﬁ/ +20% e L
(- 4 - -~ -
S L= g -
]
o L
2] J L
5 -~
g. -0.015 P -
H T
[ -0.015 -0.010 -0.005

Response slope of reference instrument [s™]
Fig. 6. Response characteristics of the low-cost sensors represented by
the slopes of the measured data: green dashed lines indicate
+20% of the 1:1 identity line.

to evaluate the response characteristics of low-cost sensors in unstable
environments with rapidly changing particle concentrations.

3.2. Calibration of AirBeam2 and DC1100 Low-cost Sensors

From the results of the response characteristics of the low-cost
sensors, the particle concentrations measured by the AirBeam2
and DC1100 sensors showed exponential decay, even though they
have different decay rates compared with those of the reference
instrument. The relationship between the particle concentrations

of the reference monitor and the AirBeam?2 sensors was nonlinear;
for the DC1100 sensors, this relationship was almost linear.
However, calibration equations based on the reference monitor
values in a quadratic form were used for both AirBeam2 and DC1100
for better correction. The corrected (or predicted) particle concen-
tration can be obtained as

— 2
CCLS_carrected - aOCLCS_raW + achCS_raw + ar, (4)

where Cers raw is the concentration reading before the correction.
The regression coefficients are listed in Table S5 in the SM.

Fig. 7 plots particle concentrations (symbols) obtained from each
unit of AirBeam2 and DC1100 corrected by using Eq. (4) against
the reference readings (Cy). Using these results, linear regression
models were obtained, and a summary of the models is shown
in Table S6 in the SM. When applying the quadratic correction
models, the corrected values of the low-cost sensors under 3- and
6-min concentration decay conditions agree well with reference
data, exhibiting a linear relationship with small values of mean
absolute error (MAE) and root mean square error (RMSE), which
were obtained as follows [28]:

MAE = Z|Crer—CLcs correctedl

n (5)

and

— 2(Cref_CLCS,corrected)2
RMSE = —_ ()

As shown in Table S6 in the SM, the maximum MAEs for
AirBeam2 and DC1100 under the 3-min concentration decay con-
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dition are 3.34 ug/m® and 155 #/L, respectively. For the 6-min
decay case, the estimated maximum MAEs are 2.84 ug/m® and
229 #/L for these sensors. Moreover, the maximum difference in
the slope against the identity line is obtained for unit #3 of the
AirBeam2 sensor under the 6-min concentration decay condition
(slope: 0.978).

Reproducibility is one of the important features governing the
performance of low-cost sensors, which should be examined for
calibration. Therefore, the second set of measurement data obtained
from each unit of the AirBeam2 and DC1100 sensors was calibrated
by employing the regression coefficients estimated from the first
measurement data, i.e., the coefficients shown in Table S5 in the
SM. The corrected second measurement data are plotted in Fig. S2
in the SM, and the summary of the linear regression models of the
corrected data is presented in Table S7 in the SM. For the 6-min
concentration decay case (slower concentration decay), the slopes
of the linear regression lines approximately range from 0.9 to 1.1
for all three units of AirBeam2 and DC1100. However, poor reproduci-
bility was obtained when the concentration was decaying rapidly
in the 3-min concentration decay case. Larger discrepancies were
noted for the AirBeam2 sensors, as compared to the DC1100 sensors
under this condition. Unit #2 of the AirBeam2 showed a slope
of 1.68, which is a significant deviation from the identity line.

4. Conclusions

A new test method was developed for the performance evaluation
of low-cost dust sensors. This method employs an exponentially
decaying particle concentration in a continuously flowing duct
system. Because the exponentially decaying function is mathe-
matically well defined, the test system and test specimen perform-
ance can be easily predicted. This method was used to test three
different low-cost sensors (AirAssure from TSI Inc., AirBeam2 from
HabitatMap LLC, and DC1100 from Dylos). It was found that the
response characteristics of the sensors depend on the rate of concen-
tration decay. Moreover, by plotting the slopes of the measurement
data and comparing them with the reference instrument, the re-
sponse characteristics of the sensors could be analyzed
quantitatively. In this study, calibration models for each of the
AirBeam2 and DC1100 sensors were also introduced. It was found
that the reproducibility of the measurement data from the low-cost
sensors worsened when the concentration decayed faster. Therefore,
for the accurate use of low-cost sensors under rapidly changing
concentrations in the real world, more-detailed calibration methods
are required. The advantage of the developed test method is that
the sensor evaluation time is significantly reduced to less than
10 min. In addition, in the process of manufacturing low-cost sen-
sors, employing the test method and analyzing the findings can
provide a detailed and objective assessment of the linearity of
sensor response under unsteady particle concentrations.
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