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Abstract: The measurement and assessment of indoor air quality in terms of respirable particulate
constituents is relevant, especially in light of the COVID-19 pandemic and associated infection events.
To analyze indoor infectious potential and to develop customized hygiene concepts, the measurement
monitoring of the anthropogenic aerosol spreading is necessary. For indoor aerosol measurements
usually standard lab equipment is used. However, these devices are time-consuming, expensive and
unwieldy. The idea is to replace this standard laboratory equipment with low-cost sensors widely
used for monitoring fine dust (particulate matter—PM). Due to the low acquisition costs, many
sensors can be used to determine the aerosol load, even in large rooms. Thus, the aim of this work
is to verify the measurement capability of low-cost sensors. For this purpose, two different models
of low-cost sensors are compared with established laboratory measuring instruments. The study
was performed with artificially prepared NaCl aerosols with a well-defined size and morphology.
In addition, the influence of the relative humidity, which can vary significantly indoors, on the
measurement capability of the low-cost sensors is investigated. For this purpose, a heating stage was
developed and tested. The results show a discrepancy in measurement capability between low-cost
sensors and laboratory measuring instruments. This difference can be attributed to the partially
different measuring method, as well as the different measuring particle size ranges. The determined
measurement accuracy is nevertheless good, considering the compactness and the acquisition price
of the low-cost sensors.

Keywords: monitoring; low-cost sensors; dynamic change process; humidity influence on particulate
matter size

1. Introduction

Given the COVID-19 pandemic and related infection outbreaks, measuring and assess-
ing indoor air quality in terms of respirable particle constituents are important. Viruses,
such as coronavirus SARS-CoV-2, can enter the indoor air environment via liquid droplets
exhaled by an infected person during coughing, sneezing or talking [1–3]. The longer
the residence time and concentration of the particles in the air, the greater the probability
that another person in this room will inhale them [4]. The local particle concentration and
residence time of the exhaled aerosol change while spreading in the indoor air environment.
When exhaled, droplets with a size distribution in the micron range are formed and released
into the air environment. The larger droplets have a higher sedimentation velocity and
settle quickly, while the smaller droplets can stay in the air longer and can also spread
out over a greater distance [5,6]. The evaporation leads to a reduction in the particle size,
which is related to an increased residence time [7,8]. The inhaled particles are mostly dried
solid components of droplets in the submicron size range [9,10]. Consequently, exhaled
and inhaled aerosols have different properties regarding particle size distribution, local
concentration and moisture content.

To analyze the indoor infectious potential and to develop customized hygiene con-
cepts, the detection of the anthropogenic aerosol spreading in public buildings (schools,
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hospitals, etc.) is necessary. For indoor aerosol measurements, standard laboratory equip-
ment (Scanning Mobility Particle Sizer, Electrical Aerosol Analyzer, etc.) is used [11–14].
However, these devices are time-consuming, expensive and unwieldy. Moreover, many
measurement devices are needed to characterize the spread of aerosols in large rooms in
detail [15–20].

The idea is to realize the monitoring of anthropogenic submicron aerosols with the help
of low-cost sensors, which are usually used for the measurements of airborne particulate
matter. It has already been shown that a network of multiple low-cost sensors can be used
to detect indoor smoke exposure from wildfire [21], formaldehyde, carbon dioxide and
total volatile organic compounds [22], as well as general indoor air quality [23–26]. The
improvement of air quality in many urban areas during the pandemic lockdown was also
confirmed by measurements with low-cost sensors [27,28]. In addition, a system of various
low-cost environmental sensors that monitored factors such as temperature, humidity,
CO2, the number of people and the dynamics of speech was used to study the spread
of COVID-19 in a space [29]. Although many studies demonstrated the effectiveness of
low-cost sensors when applied for PM monitoring, it remains open to interpretation how
they are calibrated in the first place and how their measurement accuracy is under realistic
conditions. In addition, it would be essential to demonstrate the stability of the initial
calibration data in terms of time [30–32]. The influence of air humidity on different aerosol
measurement devices, which results in a too-high and therefore false particle detection, has
already been investigated in several works [33–37].

A conceptual approach for indoor air monitoring is developed in which standard
devices are replaced by low-cost sensors and fine-dust analysis (PM) is used as a central
evaluation factor, with PM2.5 values as the measured variables. Applying this concept to
anthropogenic droplet aerosols raises the question of how reliable the low-cost sensors are
for the measurement of submicron particles. On the other hand, how suitable are they for
handling the influence of high air humidity on the sensors and measurement results while
maintaining their low cost? In this work, an experimental study is conducted to analyze the
suitability of low-cost sensors for measuring submicron aerosol particles. A comparison of
the measuring capability of two different low-cost sensor types and commercial measuring
devices is carried out. The influence of the humidity on the measuring capability was
investigated by varying the relative humidity of the air flow and the use of a heating
stage for drying. The related measurement problems with low-cost sensors led to the
development and investigation of a drying process for potential room monitoring.

2. Experimental Setup
2.1. Measurement Devices

The experimental investigation was performed with four different measurement
devices. Table 1 summarizes the relevant specifications of measurement devices used in
this study to detect particle mass and number concentrations in aerosols. They differ in the
measurement method, measured particle size range, and cost.

The Scanning Mobility Particle Sizer (SMPS, TSI Model No. 3934) from TSI GmbH
is a commonly used laboratory-scale device for particles in the nanometer size range. It
classifies the particles based on their electric potential and then determines the number
of particles in individual fractions by spectrometry [38]. For the investigations with the
low-cost sensors, two different models were selected: the SDS011 from NovaFitness and
the HPMA compact from Honeywell. Their photometric measuring method operates via
transmission effects, which results in a wider detectable particle-size range than with the
SMPS. There are already a number of studies with the mentioned low-cost sensors [39–44],
where the comparison to different laboratory measuring devices (Optical Particle Counter,
SMPS, etc.) showed that the PM2.5 values are comparable [39,41,43]. As soon as the range
allowed by the manufacturer for the relative humidity is exceeded, the measured values
are detected incorrectly [41,44]. The low-cost sensors output their results in PM2.5 and
PM10, which correspond to the particle mass concentration of all particles up to 2.5 µm
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and 10 µm, respectively. In addition, the Air Quality Guard (AQ Guard) from Palas GmbH
is used, which promises to detect a wide range of particle sizes, including their mass and
number concentration, using the photometric measuring method [14]. Considering this, it
is referred to as a mid-cost device.

Table 1. Specifications of the used measuring devices.

Model SMPS 3934 AQ Guard SDS011 HPMA
Compact

Company TSI GmbH Palas GmbH NovaFitness Honeywell

Measuring device Lab-scale devices Low-cost sensors

Measurement range
µm 0.014 to 1 0.175 to 20 0.3 to 10 N/A

Measurement method Spectrometer Spectrometer Photometer Photometer

Mass conc.
µg·m−3 - max. 2 · 104 max. 103 max. 103

Number conc.
cm−3 2 · 106 max. 2 · 104 - -

Flow rate
l · min−1 0.3 1.0 0.3 0.1

Costs
€ >50,000 >5000 <50 <50

2.2. Test Setup

For the experimental investigations of the suitability of low-cost sensors for the mea-
surement of submicron aerosol droplets and particles, the test rig shown in Figure 1
was used.
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Figure 1. Test setup for the experimental investigations of aerosols.

The test aerosol is generated with a self-constructed Collison nebulizer using pressur-
ized air (particle-free due to filtration with a HEPA filter) [45]. The mixing ratio between the
stream after the nebulizer (A) and the particle-free air (B) determines the resulting particle
concentration (C). After that, the aerosol is passed through a diffusion dryer with silica
gel and an aerosol neutralizer (TSI Model 3012A) to obtain a bipolar equilibrium charge
distribution [46,47].

An optional second stream of the pressurized air (D) is passed through two packing
columns with water to increase the relative humidity. The mixing ratio between this stream
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and the preconditioned aerosol determines the humidity and volume flow of the final
aerosol (E). The conditioned aerosol is then led into the test section, where two samples
can be measured simultaneously. Various measuring devices can be installed to detect
the temperature, the particle size distribution and the particle mass concentration. In
addition, a self-developed heating stage and humidity monitor can be placed in front of
the sensors for further humidity control. To record the operating parameters, flowmeters
from TSI (4000 Series) and sensors from Ahlborn (FHA646-E7C) were used for the aerosol
temperature and humidity.

The aerosol conditioning in terms of humidification is realized with two unsorted
cylindrical packing columns made of PMMA (polymethyl methacrylate) tubes, each with a
length of 300 mm and a diameter of 80 mm. The column is filled with approx. 1 L distilled
water. A packing of irregular plastic particles with a mean size of 2 cm is added to the
column, which increases the surface of the phase boundary and enhances the mass transfer.
The airflow is humidified by passing through the deionized water. In terms of drying
the aerosol, a heating stage is designed and constructed. It is based on a 200 mm long
copper tube with an outer diameter of 10 mm and a wall thickness of 1 mm. The material
is characterized by its very high thermal conductivity properties and its good availability,
which makes it suitable for this heat transfer application. At each end of the tube, there are
tapers to the 6 mm outer diameter to fit the heating section into the test rig. The heating
resistance wire made of copper–nickel alloy is wound on the tube. The heating wire is
connected to a laboratory power supply by means of two cables, whereby voltages up
to 25 V can be set. The correlation between the heating voltage and the specific electrical
energy is shown in Figure 2.
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Figure 2. Specific electrical energy depending on the voltage of the heating stage at a volume flow of
0.17 L·min−1.

For low specific energy inputs under 3.5 kWh·m−3, the temperature is nearly room
temperature. In this case, the natural convection counteracts the heating process. For
greater energy inputs, the temperature increases in an almost linear correlation. The explicit
influence of the heating just starts at 6 kWh·m−3.

2.3. Submicron Aerosol Particles

In this study, a defined aerosol of sodium chloride (NaCl) is used for the investigation
of the particle mass concentration. NaCl is characterized by its environmentally and user-
friendly chemical properties and easy handling. For this reason, it is a commonly used
material for aerosol investigations [48–56].

The aerosol mass concentration is regulated by the sodium chloride concentration of
the water solution in the Collison nebulizer. The mixing ratio (B:A in Figure 1) is set at a
constant of 6:1, resulting in a total volume flow of 30 L·min−1. The particle size distribution
(PSD) of the generated aerosol is measured with the SMPS at position Sample 1. For
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the lowest-used NaCl concentration (0.25 g·L−1), the PSD is shown in Figure 3, with an
image from the scanning electron microscope (SEM, Model SU8000, Hitachi High-Tech
Corporation, Krefeld, Germany). The sample was taken by the Nanometer Aerosol Sampler
(Model 3089, TSI GmbH, Aachen, Germany).
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Figure 3. Particle size distribution and SEM image of sodium chloride particles used in experiments,
nebulizer concentration 0.25 g·L−1, humidity of the aerosol at 15%.

The measured particle size range is between 14 and 800 nm, and the modal diameter
is about 30 nm. The SEM image in Figure 3 demonstrates the particle shape, which can be
assumed to be spherical. The course of the PSD stays the same for different concentrations
of sodium chloride, only the total particle number changes [45]. The smallest particle size
corresponds to the detection limit of the measuring device. However, the distribution curve
indicates that smaller nanoparticles are also in the system. The broad size distribution
of NaCl particles is suitable for all size ranges of the sensors in Table 1 and thus enables
investigations under the same conditions.

3. Results and Discussion
3.1. Influence of Different Aerosol Particle Concentrations on the Measurement Capability and
Accuracy of the Low-Cost Sensors

To investigate the measurement capability of the different low-cost sensors with the
previously shown test setup (cf. Section 2.2), various concentrations of NaCl (0.25, 0.5, 0.75,
and 1.0 g·L−1) in solution were used for the Collison nebulizer. The mixing ratio of B:A is
set to 6:1 (particle-free air: NaCl aerosol), with a total volume flow of 30 L·min−1. At this
flow condition, the relative aerosol humidity is reduced in the diffusion dryer to a constant
level below 15% for all measurements at the sample stage. For the following investigations,
the temperature is also constant at 25 ◦C. During the measurement, the low-cost sensor is
installed at the first sample position, and the Palas AQ Guard is placed at position two.

The particle mass concentrations (PM2.5) are measured with the low-cost sensors:
SDS011 and HPMA compact. In Figure 4, the results for NaCl aerosols produced from
NaCl solutions of four different concentrations up to 1.0 g·L−1 in the disperser are shown.
Each data point results from repeated measurements, with three samples from each sensor
and multiple measurements of each (a total of at least nine). The PM10 values are not
plotted as they are identical to the PM2.5 values. This observation is consistent with the
measurements of the PSD (Figure 3), which does not contain any particles larger than
2.5 µm.
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Figure 4. Comparison of PM2.5 measurements between SDS011 and HPMA compact at identical
operating conditions.

The measurement performance of the low-cost sensors is comparable. The SDS011
sensor just shows a slightly higher detection capacity at higher aerosol concentrations. The
standard deviation increases with higher particle concentrations; however, a decrease in
the coefficient of variation (CV) can be observed. At the highest particle concentration,
it is approximately 20% for both low-cost sensors. This is due to the difference between
the individual models of one sensor type and cannot be attributed to fluctuating aerosol
generation. This is confirmed by the comparison to the relative deviation in the parallel
measurements with the AQ Guard, which is less than 7%. This is also consistent with the
PSD measurements with the SMPS (cf. Section 2.3).

In the same experiment, the aerosol is measured with the AQ Guard as well as the
low-cost sensors. The resulting particle mass concentrations (PM2.5) are shown in Figure 5
in comparison to the dataset of the low-cost sensors.
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Figure 5. Comparison of PM2.5 measurements between AQ Guard and low-cost sensors (SDS011
and HPMA compact) at identical operating conditions.

The detected PM2.5 values of the AQ Guard are much higher, showing a clear deviation
from the results of the low-cost sensors. This observation can initially be related to the
different particle-size detection ranges of the sensors. The smallest particle size is 0.175 µm
for the AQ Guard, 0.3 µm for the SDS011 and not known for the HPMA compact. Regarding
the PSD of the used NaCl particle system (cf. Figure 3), the number of particles in this size
range rises significantly and might explain this deviation. Besides the mass concentration,
the AQ Guard detects the number-based particle concentration and its distribution. From
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this, the size range can be tailored to match that of the low-cost sensors. This new number
distribution is then calculated for the mass concentration using the assumptions of constant
density and spherical particle shape. Unfortunately, the PM values of the AQ Guard do not
match those of the low-cost sensors either. The reason for the deviation cannot be clearly
determined; in general, this can be attributed to the unknown system internal calibrations,
as well as the limits of the optical measurement technology that are reached in this particle
size range. Despite this, the results show that both low-cost sensors are suitable for the
qualitative measurement of particle concentration.

3.2. Influence of Aerosol Humidity on Measurement Capability and Accuracy of the
Low-Cost Sensors

This section describes the influence of humidity on the measurements of the low-cost
sensors. The indoor relative humidity is usually between 40 and 60% [57]. Initially, the test
aerosol must be adequately conditioned, and for this purpose particle-free air is led through
one or two columns (series) and then mixed with the dry NaCl aerosol (cf. Section 2.3). The
mixing ratio of these two flows (C:D) determines the resulting humidity. Figure 6 shows
the possible relative humidity for both configurations at different flow rates.
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Figure 6. Relative humidity depending on the flow rate of the humid air (D), at a constant NaCl (C)
aerosol flow of 4 L·min−1, using a single column or two in series.

An increase in the saturated air-flow rate leads to an increase in the relative humidity
of the total air flow, while the air-flow rate of the test aerosol is constant at 4 L·min−1. Using
one column, a maximum humidity of approx. 60% can be achieved; with two columns,
a maximum of approx. 80% is possible. The divergence of the results is caused by the
uneven mass transfer in a random packing. The study of the influence of humidity on the
measuring capability of PM is carried out with the low-cost sensor SDS011. Figure 7 shows
the resulting PM concentrations of the SDS011 sensor for the particle-free air flow and for
the NaCl aerosol, depending on the relative humidity.

The results for the particle-free air clearly show that the humidity has no impact on the
measurement of PM values. At a constant volume flow with varying humidity, no particles
are detected. Consequently, condensation on the detector or in the measuring volume can
be excluded as well. Under identical conditions, the results with the conditioned NaCl
aerosol show a correlation between the two parameters, and the PM values increase with
increasing humidity (cf. Figure 7). Up to 60% humidity, the correlation is approximately
linear, while for higher humidity levels the detected PM rises significantly. Values at
70% are about four times higher than the values at 40%. The reason for this increase in
the PM values is the hygroscopic growth of the particles in humid air [58,59]. Initially,
the adsorption of water-vapor molecules takes place until the maximum capacity (max.
adsorption capacity of the salt) is reached. Then, water-vapor condensation and particle
dissolution occur (solubility point), which leads to a growth process, and the solid particle
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becomes a droplet [60]. With the change in size, the optical properties of the particles also
change—for example, their interaction with light [61].
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Figure 7. PM2.5 values for particle-free air depending on the relative humidity measured with the
low-cost sensor SDS011, nebulizer concentration 0.25 g·L−1.

3.3. Influence of Aerosol Heating on Measurement Capability of Low-Cost Sensors under
Indoor Conditions

Due to the strong influence of air humidity on particle size, aerosol measurements
with low-cost sensors must take place under constant conditions. Therefore, it is necessary
to control the relative humidity for indoor aerosol monitoring and keep it at a low level.
This can be achieved by aerosol heating in the previously described low-cost copper heating
construction (cf. Section 2.2). The relation between the heating voltage and the specific
electrical energy has already been explored (cf. Figure 2).

The SDS011 low-cost sensor was combined with a heating stage (cf. Figure 1) to inves-
tigate its influence on aerosol measurements. For this purpose, continuous measurement is
carried out with this low-cost unit. The NaCl aerosol (nebulizer concentration at 0.25 g·L−1)
is preconditioned to approx. 70% humidity by two packed columns (cf. Section 3.2). After
the PM value becomes stationary, the heating stage is turned on and operates for a period
of 5 min at one energy input (up to 14 kWh/m3). Figure 8 shows the PM results for the
operating points at approximately 6, 8 and 10 kWh/m3. In addition, the heating time is
marked (gray area).
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The recorded PM2.5 value before the heating corresponds to the data from Section 3.2.
A significant abrupt drop in PM2.5 can be observed after starting the heating process,
after which the value remains at a constant level. Further heating no longer influences the
particle concentration. After the heating element has been switched off, the PM value is
still the same as previously and remains constant for a period of time. Subsequently, the
PM2.5 value rises again and rapidly returns to its initial value. The time interval between
the heating end and PM recovery is hereafter referred to as residence time. Studies on the
lower and higher power inputs show the similar behavior of the particle concentrations.
The PM2.5 value measured during the heating phase and afterwards is the same in all
experiments and remains at approx. 100 µg·m−3. The curves in Figure 8 only differ in
the time until the PM drops after the start of the heating process and the duration of the
residence time. For low-energy inputs, the influence of the heating appears to be time-
delayed, while for higher inputs it occurs nearly instantly. The residence time increases
with increasing specific electrical energy.

The results show that the heating stage fulfills its purpose of reducing the effect of
humidity on particle size and therefore improves the measurement of aerosol-particle mass
concentration. It is surprising that the PM level instantaneously drops and remains at
the same value regardless of heating time. It is probable that a critical stable humidity
is reached inside the heating stage, which leads to the abrupt changes in the PM values.
The increasing residence time for higher specific electric energy is presumably caused by
residual heat that is still being emitted into the aerosol even after the heating section has
been switched off. The greater the input energy, the longer this effect lasts. The observed
effects must be further investigated and the influence of the initial humidity and the volume
flow on the constant PM level and the residence time must be clarified. Based on the current
results, the heating stage seems applicable for both low and high power consumption. In
this context, an energy-optimized indoor-air-quality measurement guide can be developed
that coordinates measurements and heating intervals.

4. Conclusions

In this work, the measurement capability of low-cost sensors for particle mass con-
centration in aerosols in the submicron range was investigated and compared to SMPS
and AQ Guard sensors. Furthermore, the influence of humidity and the drying process
were determined as variables. It was shown that the measurement performance of the
two different low-cost sensors (SDS011 and HPMA compact) is comparable. However, in
comparison to the laboratory devices, different PM2.5 values were obtained by low-cost
sensors, which can be explained by different measuring ranges and methods. The impact
of an increase in the relative humidity to over 65%, using water-soluble sodium-chloride
particles, on the measurement behavior of the sensors had a negative effect on PM mea-
surements due to hygroscopic droplet growth. A simple electrical heating stage, which can
be installed in front of the low-cost sensor, improved the measurement of the PM values
significantly. Despite some disadvantages of the low-cost sensors, they have the potential
to detect indoor aerosol spreading. Based on these data, hygiene concepts for air-quality
improvement and infection prevention can be developed.
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