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Abstract: Air quality has important climate and health effects. There is a need, therefore, to monitor
air quality both indoors and outdoors. Methods of measuring air quality should be cost-effective if
they are to be used widely, and one such method is low-cost sensors (LCS). This study reports on
the use of LCSs in Ulaanbataar, Mongolia to measure PM, 5 concentrations inside yurts or “gers”.
Some of these gers were part of a non-government agency (NGO) initiative to improve insulating
properties of these housing structures. The goal of the NGO was to decrease particulate emissions
inside the gers; a secondary result was to lower the use of coal and other biomass material. LCSs
were installed in gers heated primarily by coal, and interior air quality was measured. Gers that were
modified by increasing their insulating capacities showed a 17.5% reduction in PM; 5 concentrations,
but this is still higher than recommended by health organizations. Gers that were insulated and
used a combination of both coal and electricity showed a 19.1% reduction in PM; 5 concentrations.
Insulated gers that used electricity for both heating and cooking showed a 48% reduction in PM; 5
but still had higher concentrations of PM; 5 that were 6.4 times higher than recommended by the
World Health Organization (WHO). Nighttime and daytime trends followed similar patterns and
trends in PM; 5 concentrations with slight variations. It was found that at nighttime the outside
PM, 5 concentrations were generally higher than the inside concentrations of the gers in this study,
meaning that PM; 5 would flow into the ger whenever the doors were opened, causing spikes in
PM,; 5 concentrations.

Keywords: low-cost sensor (LCS); indoor particulate matter; Mongolia air quality; Mongolia indoor
air quality

1. Introduction

The decline of the Earth’s air quality has reached a critical level globally, necessitating
the implementation of monitoring and mitigation strategies. Air pollutants have a detrimen-
tal impact on the health of humans and are currently the fourth leading cause of premature
death globally [1]. Particulate matter (PM), specifically PM; 5 and PM;y with diameters of
2.5 um and 10 pum, respectively, are commonly monitored sizes of PM. Exposure to PM has
been associated with various health conditions, including asthma, cancer, heart disease,
type-1I diabetes, as well as respiratory and neurodevelopmental disorders [1-3]. In Ulaan-
baatar, Mongolia, exposure to PM; 5 alone has been identified as the cause of 1400 deaths
annually [4]. Lower-income and developing countries, such as Mongolia, are beginning
to recognize the adverse impact of air pollution on their population and many are now
adopting air quality monitoring practices similar to those used in higher-income countries.

According to the Mongolian Statistical Information Service, as of 2020, approximately
60% of the population in Ulaanbaatar, the capital of Mongolia, reside in areas known as
“ger areas”. These areas are characterized by the use of coal and wood as primary energy
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sources. A ger, also known as a yurt, is a traditional round Mongolian hut that can be
easily moved to accommodate a nomadic lifestyle. It is noteworthy that 95% of households
in these ger areas rely on coal and biomass, such as wood, for cooking and heating. On
average, each household burns about 5 tons of coal and approximately 3 m® of wood per
year [5,6].

Ulaanbaatar experiences extreme cold temperatures, the coldest month being January
with an average low of —22 °C, making it one of the coldest capital cities in the world. This
leads to a significant increase in the burning of coal and biomass during winter months. It is
important to note that coal combustion has been identified as a major contributor to particle
production, which in turn has adverse effects on health [7,8]. Despite the presence of stacks
or chimneys on some coal-burning stoves in these gers, the emissions from coal combustion
remain close to the residents” dwellings, resulting in elevated levels of pollutants in the
immediate vicinity [9].

Efforts have been made to improve the ventilation and energy efficiency of these
stoves [10,11]. These measures, however, have not resulted in significant improvements
in indoor air quality [12]. Further studies have been conducted to explore alternative
approaches for reducing coal combustion, including the implementation of better insulation
techniques for the gers [13-15]. In the past, PM; 5 levels in Mongolia have been extremely
high, exceeding World Health Organization (WHO) standards by 6.8 times based on 24-h
averages [16]. At the central government monitoring site at the United States Embassy,
over the 8 months of this study, PM; 5 measurements averaged 153 ng/ m3, while certain
ger neighborhoods experienced levels as high as 229 ug/m?3 [17].

To address this issue, the Mongolian government implemented a law on 15 May 2019,
prohibiting the use of coal for household consumption. Instead, a program promoting the
use of coal briquettes as an alternative fuel source was launched. These efforts produced
up to a 50% reduction in outdoor PM levels during the winter months of 2020 in ger
neighborhoods, as reported by the National Agency for Meteorology and Environmental
Monitoring (NAMEM). Continuous monitoring of indoor PM production, however, and
increased assessment frequency are essential.

Monitoring indoor air quality requires a larger number of sensors than outdoor air
quality monitoring, which is expensive. To overcome this challenge, low-cost sensors (LCSs)
have been developed and utilized, as described in previous studies [18-21]. It is crucial to
calibrate these sensors properly, particularly at higher PM concentrations, to account for
a phenomenon called “coincidence”. Coincidence occurs when the detection of particles
is affected by one particle shadowing another, resulting in the second particle scattering
no light. Given that most LCSs rely on optical detection, it is vital to mitigate the impact
of coincidence.

In our study, we calibrated these LCSs against an optical particle sizer (OPS) with a
wide dynamic range, specifically the TSI Model 3300. To minimize the effect of coincidence,
the OPS was coupled with a 10:1 diluter. These calibrated LCSs were deployed to measure
particulate matter and monitor indoor air quality in rural areas of Mongolia as part of
a non-governmental agency (NGO), Deseret International Charities, which sponsored a
program to engineer an improved insulation method for gers. Their expectation was that
improving the efficiency of the gers would result in lower consumption of coal and biomass
resulting in decreased PM emissions and consequently improved outdoor and indoor air
quality. The improved insulation method entailed wrapping the circumference and roof of
the ger with a radiant barrier coupled with an air gap between the existing layers of felt
that are typically used as insulation. A network of 50 LCSs was installed in gers that were
heated by coal and electric heat, and air quality was measured before and after the gers
were insulated using the engineered solution provided by the NGO.
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2. Method
2.1. Description and Manufacturing of LCSs

There are a variety of LCSs commercially available for a relatively low cost, but a suite
of custom air quality sensors was created and used in this study [22,23]. This allowed
researchers to have access to the raw data measured by the particulate sensing module
in the custom-designed LCS, and additionally none of the commercially available LCSs
provided cellular connectivity, which was required for usage in Mongolia. This study’s
LCS contains a PM sensor (Sensirion SPS3)), a CO,, temperature and relative humidity
sensor (Sensirion SCDj3), a real-time clock used for timestamps (RTC), an SD card module,
and a cellular-enabled microprocessor (Particle Boron 3G/2G). The Sensirion SCDj3 uses a
non-dispersive infrared sensor for CO, measurements. The particulate matter sensor counts
raw measurements of PM; 5 by light scattering and calculates the mass of the particles
using the refractive index and density of the particle.

As there is no humidity trap on the LCS, a mathematical correction is made to correct
for particle size. Though data are uploaded in real-time, all data are logged onto the SD card
incorporated with the LCS as a back-up in the event that the sensor loses connectivity with
the Internet. The Particle Boron microprocessor coordinates the execution of the sensing
modules and data logging. Each LCS is also equipped with a cellular radio that allows for
the transmission of data to an online database where the data are stored (InfluxDB) and
displayed (Grafana) for analysis. The LCS components are mounted on a printed circuit
board (PCB) and encased in a 3D printed box. The total cost of this LCS is approximately
USD 200.

2.2. Deployment of LCSs

In September 2019, fifty air quality sensors were deployed in gers in Ulaanbaatar.
These sensors operated until the end of April 2020. Gers are round, with one doorway, and
have a base area of about 11 m2. For this study only data collected from indoor sensors
were used. The indoor sensors were placed on one of the center support beams of the ger.
Because of a combination of hardware failure, lack of compliance from participants, and
difficulty in data retrieval, data were recovered from only 28 sensors. To test the efficacy
of new, energy-efficient gers, LCSs were deployed in a variety of conditions: 1 LCSin a
modified energy-efficient ger with a coal stove as its source of heat, 3 LCSs in different
modified energy-efficient gers with only electric heaters as a source of heat, 19 LCSs in
modified energy-efficient gers where both coal stoves and electric heaters were used, and
5 LCSs in traditional, unmodified gers with only coal stoves as a heating source. This last
set of gers was used as a control group [24]. The locations of these gers can be seen in
Figure 1.

2.3. Monitoring of the LCSs

There was a two-pronged approach to LCS maintenance: cloud-based and in-person
maintenance. The software solutions include the Particle Cloud Console 2.0, which in-
formed about whether devices were connected to the Internet and uploading data, and the
firmware of the sensor, which would notify when the SD card of a sensor was unplugged
or not collecting data. In cases of not receiving information from an LCS for an extended
period, an affiliate in Ulaanbaatar would visit the site to troubleshoot and repair or replace
the sensor.

2.4. Data Collection

Data were collected every minute from all the sensors. Every five minutes, data were
uploaded to the Internet through the cellular network. If a sensor was not connected to the
Internet, it would delay sending data until a connection was established. The backlogged
data would then be uploaded. Data were stored in an InfluxDB database located on the
campus of Brigham Young University in Provo, Utah, USA. Beyond the measurements of
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the sensors, metadata were recorded and uploaded, including cell signal strength, software
version, and uptime of the sensor.
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Figure 1. Map of Ulaanbaatar, Mongolia showing geographical locations of LCSs in gers and in the
U.S. Embassy, which can be seen on the far right in blue. The coal-burning modified ger is in red,
the modified electric-only gers in orange, the unmodified gers in blue, and the modified hybrid gers

in green.

2.5. Calibration and Data Correction of LCSs
2.5.1. Need for Calibration

LCSs are sensitive and can be affected by changes in relative humidity, temperature,
sensor aging, and changes in the composition of particulate matter [25-27]. LCSs can
also suffer from a deviation of linearity at higher PM concentrations depending on their
detection method. For example, if an optical sizing method is being used, some particles
may be shadowed by other particles and the total PM count will be biased low in its
reported concentration. These conditions can be corrected for by calibrating the LCSs
against reference PM monitors, through modelling, or collocating monitors. We have
calibrated our Sensirion LCSs against an optical particle sizer (TSI Optical Particle Sizer
model 3300) with a 1:10 diluter (TSI Particle Diluter Model 3332). The error in the TSI OPS
is 5% at 0.5 um, inherent with the error in the flowrate through the instrument. When
compared with other LCSs, the Sensirion was one of the more stable LCSs over time and
in many environments [28]. The Sensirion LCS can work in 0-95% humidity and in the
temperature range of —10 °C to 60 °C without correction. The age limit of the sensor is
recommended to be 8 years by the manufacturer; however, aging can happen over time.
Corrections for aging were made in second-order polynomial regression as this affects
larger concentrations more than smaller concentrations of PM; 5. Our LCSs were calibrated
after 6 months of use to minimize the effects of aging.

2.5.2. Calibration of the LCSs

The experimental setup for calibration can be seen in Figure 2. Calibration of an LCS
was carried out by attaching the LCS to the roof of our atmospheric chamber, made from a
55 gallon drum, and having the TSI OPS draw air from the top of the atmospheric chamber
through the diluter. The chamber was cleaned out with the use of T8 UV lights and zero
air for several hours before calibration in order to photolyze, dilute, and remove leftover
PM, 5. The diluter was used to minimize the effects of coincidence with the TSI OPS, which
already had a higher tolerance range than the LCS. A cast iron stove (Regency Fireplace
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Products), similar in design to what is used in Mongolian gers, was used to simulate the
conditions in the gers. Anthracite coal, like that burned in Mongolia, was burned in the
stove, and smoke from the stove was directed into the environmental chamber. Calibration
of the LCS was carried out using smoke from a source like that present in Mongolia. An
extractor fan (Antrader) was used to pull smoke from directly above the chimney of the
coal-burning stove through a 1" diameter PVC tube into the bottom of the reaction chamber.
Another 1” diameter fan was mounted at the exit of the PVC pipe that rested on the bottom
of the chamber, and a final 1" diameter fan was mounted 33" up the wall of the chamber
opposite to the exit of the pipe. These two fans were used to ensure mixing of the gases in
the barrel.

10:1 Diluter

TSI
OPS

Coal Stove Reaction Chamber

Figure 2. Schematic of experimental setup for calibration.

Data from the LCS in the barrel were plotted against the data from the TSI OPS for the
same period. This yielded a second-order polynomial transfer function seen in Figure 3.
The transfer function was seen to affect larger values of concentrations of PM; 5 more than
smaller ones. This is due to the increased effect of coincidence in the detection of PM; 5
at these higher concentrations. This second-order polynomial regression yielded a line
formula that was used to correct the LCS data collected in Mongolia.
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Figure 3. (A) LCS data plotted against the TSI OPS data from the transfer function run. Trend line to
data is plotted as a solid black line. The 95% confidence intervals to the fit is plotted as dashed lines.
(B) Residual plot of fit to data.

Table 1 shows a summary of the number of data points and sensors from each class
of ger in this study. Data from each of the four classes of gers, unmodified, modified
coal-burning, modified hybrid of coal and electric, and modified electric only, were baseline
corrected, where necessary, and averaged to produce a single dataset for each of the
conditions. Standard deviations and confidence intervals were then calculated from these
averaged datasets. A Grubb’s Test, at 95%, was carried out on all sensors to exclude outliers.
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Datasets were adjusted accordingly before continuing. Daytime and nighttime collected
data were separated for analysis. Daytime hours were defined as 5 am-8 pm (local time)
and were analyzed separately from the nighttime collected data to deconvolve the influence
of cooking activities from heating. Daytime hours were defined based on an evaluation
of the diurnal pattern of cooking, as observed in Figure 4. Figure 4 shows typical PM; 5
concentrations of <5 ug m~3 between the hours of 12:00 pm and 5 am in an unmodified
ger. Typically, beginning at about 5 am, the PM; 5 concentrations begin to rise as meal
preparation begins. Three peaks are usually observed between the hours of 5 am and 8 pm
associated with meal preparation throughout the day. PM; 5 concentrations typically begin
to decrease after the final meal preparation in the evening and slowly decay to baseline
conditions as the evening progresses.

Table 1. Visualization of raw sensor data breakdown.

Ger Type Number of Sensors Number of Averaged Data Points
Unmodified 6 187,456
Coal-only modified 1 448,233
Hybrid modified 20 110,139
Electric only 3 583,460
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Figure 4. Example of the diurnal pattern in PM, 5 concentrations showing cooking spikes for breakfast,
lunch, and dinner.

3. Results and Discussion
3.1. Averaged Data

Figure 5 shows the average PM,; 5 values for each class of ger for the duration of
the study. A pattern is observed that shows that, as the use of coal decreases, the PM; 5
concentration decreases. The highest concentration of PM; 5 is found in the unmodified,
187.0 £ 1.0 pg/ m?3, and modified but coal-burning, 154.3 &+ 0.5 ug/ m3, gers. It is expected
that the modified gers will burn less coal as the added insulation traps more heat; however,
by increasing the insulating value of the structure, it also traps PM; 5 in the ger by impeding
the venting of smoke. Despite the possible ventilation inhibition caused by the added insu-
lation, it does appear to be favorable to insulate the gers as the total PM, 5 concentrations
drop by 32.7 ug/m? or 17.5%. The third highest PM, 5 concentration, 151.4 4 0.8 ug/m?,
is found in the modified hybrid ger. PM; 5 dropped on average by 35.6 pg/m?> or 19.1%
relative to the unmodified ger. The addition of electric heating to the ger lowered the PM; 5
produced from the burning of coal. The increased insulation helped to preserve the heat
in the structure and reduce the amount of PM; 5 being produced by the ger and released
into the environment due to decreased heating needs. The lowest PM; 5 concentration was
found in the modified electric ger, at 95.5 & 0.5 ug/m?3. This is expected as there is little to
no coal burning in these gers, eliminating this major source of PM, 5. PM; 5 dropped on



Sensors 2023, 23, 7721

7 of 10

average by 91.5 ng/m3 or 48.9% relative to the unmodified ger. It should be noted that in
the modified electric ger, the average total PMj; 5 limits are still 6.4 times higher than the
WHO standards of 15 pg/ m3 [29]. This is consistent with the findings of other studies [16].
Outside air quality data came from sensors outside the U.S. Embassy in Ulaanbaatar. The
outside PM, 5 concentrations for the period of this study averaged 153.5 4 4.6 pg/m?,
which is 10.2 times the WHO standards. Outside air quality data were used to show that air
inside the gers is cleaner than air outside the gers. This justifies the conclusion that spikes
in PM, 5 concentrations are seen when entrances to the gers are opened, as PM, 5 diffuses
from high concentrations outside the gers to low concentrations inside the gers.

ZDD n n n L] n
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Figure 5. Average PM, 5 values.

3.2. Daily and Nightly Averaged Data

Figure 6 shows the averaged daytime, 5 am-8 pm, PMj; 5 values, and Figure 7 shows
the averaged nighttime, 8 pm-5 am, PM, 5 values. These times were chosen to include
cooking-related PM; 5 spikes included in the daytime data, and so that nighttime data are
primarily influenced from heating.

Daytime values show the highest PM, 5 concentration in the unmodified (180.3 £ 1.3
ug/ m?) ger, followed by the modified hybrid (142.0 + 1.1 pg/ m?), modified coal-burning
(126.2 £ 0.5 pg/m?), and modified electric (84.4 + 0.6 ng/m?) gers. The nighttime data
show a slightly different pattern compared to the daytime and averaged data, with the
highest PM, 5 concentration being in the modified coal-burning (200.5 & 0.7 pug/m3) ger,
followed by the unmodified (198.3 + 1.3 ug/ m?), modified hybrid (167.5 + 1.0 ug/ m?), and
modified electric (113.4 + 1.0 pg/m?) gers. It should be noted that there was only one LCS
located in a modified coal-burning ger, and that the high nighttime concentration measured
could be caused by either the increased insulation in this ger trapping PM, 5 or an artifact
of the proximity of other gers that were burning coal that could contribute to its higher
PM, 5 concentrations. The daytime outside PM; 5 concentrations, 108.4 + 4.8 ug/ m3, are
lower than all indoor average values besides modified electric gers. The nighttime outside
PM, 5 concentrations, 229.0 + 7.9 ug/ m3, are higher than all indoor averages except for
modified coal-burning gers. This means that when the doors are opened to these gers, a
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rush of PM; 5 is introduced into the gers increasing the indoor PM, 5 concentration. This
bias may be magnified in the modified gers as the insulation will trap more of the PM; 5.
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Figure 6. Averaged daytime PM, 5 values.
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Figure 7. Averaged nighttime PM; 5 values.

4. Conclusions

Efforts are underway to improve air quality in third-world countries like Mongolia,
particularly by addressing the issue of pollution caused by coal burning. The approach
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implemented in this study was to insulate gers in an attempt to reduce coal consumption
and subsequently lower indoor air PM; 5 concentrations. The hypothesis tested was that
by increasing the insulating value of gers, less coal would be burned resulting in lower
indoor PM; 5 concentrations. This study found that overall PM, 5 concentrations were
17.5% lower in gers that were insulated. We do acknowledge that whenever the doors
to the gers were opened, it is possible that PM; 5 from surrounding gers and the outside
environment came into the modified gers and that this may bias the data. This seemed
more evident at nighttime when there was more activity in the gers. The reduction in
ventilation caused by the insulation appears to trap PM; 5 in the ger for longer periods
before the PM, 5 can vent out of the ger. Despite the effect of increasing insulation reducing
ventilation of PM; 5, it is recommended that gers be insulated to reduce coal consumption
and to decrease PM; 5 exposure. We also hypothesize that if neighboring gers were also
insulated, the total PM; 5 concentrations in the outdoor air may be lowered and that this
would also have the effect of increasing indoor air quality. This study shows that the most
effective approach for lowering indoor PM; 5 concentrations is to use electricity for both
cooking and heating in gers. The data show that gers that used electricity had the lowest
PMj; 5 concentrations. PM; 5 dropped on average by 48.9%. For example, the hybrid coal
and electric approach showed an increase in air quality compared to the coal-burning-only
gers, but it was not as effective at lowering PM; 5 concentrations as a fully electrified ger. It
is important to note that the fully electrified ger still did not obtain the PM, 5 standard set
by the NAAQS. This may be because gers surrounding the fully electric gers continued
to burn coal, and these emissions likely leaked into the electrified-only gers. While it is
recognized that access to electricity is not always feasible in Mongolia, it is recommended
that electricity be used to lower indoor PM; 5 concentrations where possible.
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