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ABSTRACT

Materials and Methods

Two SENSIRIONSPS30, Air visual Pro (IQAV) and Gravimetric are being used in Addis Ababa and Adama
meteorological stations, in Ethiopia. The quality of SENSIRIONSPS30 was evaluated within identical, with
gravimetric reference, and between different types, with regression slope and R2, and other statistical metrics
such as the Pearson correlation, bias, and accuracy were used. And temporal variations of PM2.5 over selected
stations were conducted.

Results

The SENSIRIONSPS30 showed an R2 of 0.98 - 0.99, 0.97 - 0.99, and 0.60 - 0.99 during intra-sensor,
reference, and inter sensor comparison. After the performance was checked for SENSIRIONSPS30, the
temporal variation of PM2.5 over both stations was drawn.

Conclusion

This study helps to promote effective air quality monitoring solutions in developing countries and ultimately
support efforts to improve public health and environmental sustainability.
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INTRODUCTION According to existing research, the main causes of air pollution

in Addis Ababa includ ion, th burni f
Air pollution is one of the most significant health problems of n 's Ababa Include transportation, the open burning o

our time. According to the World Health Organization
(WHOQ), in 2016 air pollution was linked to over 4.2 million
deaths (11.6% of total deaths) with mortality in low and
middle-income countries particularly heavily affected by air
pollution [1]. Because of the rapid industrialization and
population growth in cities, the issue of air quality and its

rubbish, using biomass-based fuels for space heating and
cooking, and to a reduced extent industrial activity [6-7].
Currently, in the city, three operational reference-grade air
quality monitoring stations for fine particulate matter (PM2.5),
two were set up by the U.S. embassy in 2016, and a third
monitoring station was established by the Eastern Africa GEO
Health Hub in 2015. According to data from these stations,
the city's air pollution continuously surpasses the World
Health Organization's recommended limits for fine particulate

impact on human health is of great concern and is expected to
worsen in the coming years [2-3].

Particulate matter is an environmental pollutant linked to  matter, which are 15 pg/m3 24-hour mean [8].
various health problems. Particulate matter (PM2.5; particles
that have an aerodynamic diameter less than 2.5um) has been
associated with respiratory illness, cardiovascular disease,

Conventional measurement instruments, however, are
expensive and demand power supply [9]. Due to their high
price and large size, regulatory-grade instruments were used

troke, | \ ductive i , and early death [4-5].
stroke, lung cancer, reproductive issues, and early death [4-5] primarily for scientific research and not widely used. This is
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partly because this pricey equipment has been deployed
seldom, which results in low spatial resolution, especially in low
and middle-income countries of big cities [10].

Ambient air quality monitoring in Addis Ababa and Adama
needs to be better developed, like in most African cities. This is
mainly because most cities lack the necessary monitoring
infrastructure and capacity to collect and analyze air quality
data. For example, as of 2017, Ethiopia was still classified by the
World Health Organization as being among the countries with
no data on urban monitoring of ambient PM2.5 [11].

Recently, low-cost sensors have been gaining popularity as a
tool to fill data gaps in air quality monitoring (AQM). These
low-cost sensors are promising tools for the collection of air
quality data with large spatial and temporal coverage [12]. LCS
has been widely deployed in low- and middle-income countries,
where they often provide air quality information in regions
lacking the more traditional and expensive reference grade
monitors [13].

Currently, there are air quality monitoring (AQM) stations in
big cities of Ethiopia such as Addis Ababa, Adama, and
Hawassa at their meteorological stations, but all are out of
service. Those costly air qualities monitoring (AQM) measured
the same values for specific pollutants, data were inconsistent
and the instruments were not calibrated, therefore the
measurement data were not used for analysis. The public can
purchase numerous low-cost sensors that have undergone
minimal limited
recommendations, and lack standard operating procedures

testing, come  with maintenance
[14-15]. Low-cost sensors are gaining popularity among
researchers and the general public, but there are very few
opportunities to test these sensors in low-income countries. For
example, the SensirionSPS30 is tested in Arba Minch town
[16]. The performance is promising, but it has not yet been
tested in relatively larger cities in Ethiopia. Therefore, the aim
of this study is, to evaluate the performance of

SENSIRIONSPS30 for PM2.5 over Addis Ababa and Adama,
Ethiopia.

Statement of Problem

Air pollution is a significant health hazard, especially because
of PM2.5. The burden of air pollution is higher in low-
and middle-income countries, like Ethiopia, for two reasons:
indoor pollution rates tend to be high due to the dependence
on solid fuels for cooking, and ambient air pollution will
increase as countries industrialize and transform from low-to-
middle incomes.

Low-cost sensors have become an increasingly important
supplement to air quality monitoring networks, yet their
performances have not been evaluated and tested under
different weather conditions. Conventional measurement
instruments, however, are expensive and depend on electric
power supply [17-18]. There are not enough financial resources
in developing countries such as Ethiopia to install conventional
spatial  coverage.
Meanwhile, cheaper instruments (LCSs) are promising, but
their performances have not yet been tested in larger cities in
Ethiopia.

measurement instruments for wider
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Research Objectives

This study addresses these gaps through the following primary
objectives:

Evaluate the intra-sensor precision and internal repeatability of
multiple Sensirion SPS30 units deployed simultaneously in
urban settings.

Determine the accuracy of the SensirionSPS30 against
reference-grade gravimetric measurements (UPAS) during the
Kiremt season.

Compare the performance profiles of the SensirionSPS30
against alternative low-cost units like the IQAir Air Visual Pro.

Characterize temporal variations and spatial distribution

patterns of PM2.5 across Addis Ababa and Adama.

Evaluation of the performance of LCSs

Several (at least three) air sensors were placed alongside a
reference-grade instrument for field-testing purposes. Many
research studies assessed the accuracy of inexpensive sensors by
placing them alongside a regulatory or high-quality monitor,
without implementing extra calibration techniques [19].
Performance metrics are parameters used to describe how good
an air sensor performs relative to a standard (typically a
reference instrument). Several metrics are available to assist in
comprehending an air sensor's performance and choosing the
best sensor for our particular requirements.

Programs to evaluate sensors have been established by both the
US EPA and the air quality sensor performance evaluation
center (AQ-SPEC) of California’s South Coast Air Quality
Management District [20].

The main criterion for evaluating the data quality measure for
air pollution measurement methods, as indicated by the EU
Air Quality Directive, is measurement uncertainty. However, it
is difficult to measure this criterion and it is not included in
the majority of sensor studies [21-22]. For the performance
criteria used to evaluate air quality modeling applications, a set
of statistical indicators includes the bias, coefficient of
variation, standard deviation (SD), Pearson correlation, and
correlation coefficient (R2) [23].

Accuracy and precision together refer to the ability of low-cost
sensors to measure the correct value reliably each time.
Precision refers to measuring the same thing every time and
consistently. Accuracy refers to whether the sensor is measuring
the correct or true value. Correlation measures how air sensor
data relates to data from a reference instrument, which can be
assessed for measurements over time or space.

MATERIALS AND METHODS

Description of study area

The sensor evaluations and data collection occurred at the
Ethiopian Meteorology Institute (EMI), Addis Ababa, and the
central and eastern regional meteorological centers, Adama.
Addis Ababa is the largest city in Ethiopia in area and
population. The city is located at latitude of 8.98 and a
longitude of 38.75. Approximately 4.6 million people lived

Journal of Climate Change and Pollution

J. Clim. Change Pollut, Vol.2 Iss.3, October (2026), pp:167-179



Debele WN

there in 2019, in an area of around 527 km2 and with a
population density of 5,165 per square kilometer [24]. The
Addis Ababa Meteorological Station is located in the northern
part of Addis Ababa, situated near the main road known as
Gambia Street, Tikur Anbesa (Black Lion) Hospital, and

commercial and residential areas.

Adama, with an estimated 214,000 residents is one of
Ethiopia's cities that has been expanding rapidly [26]. It is
located at latitude of 8.51 and longitude of 39.26 [25]. Adama
Meteorological Station in Ethiopia is situated in the city of
Adama, which is located in the Oromia region. The station is
located near Adama Road, Adama University, and commercial
and residential areas.

The fine particulate-matter sensors on the market chosen for
this study were IQ Air Visual Pro and SPS30 (Sensirion,
Switzerland). These sensors are chosen due to being widely
used in many air purifiers and air quality monitoring devices, as
well as their reliability, low price, compact size, and popularity

[26-27].
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Figure 1: Map of the Study Area
Therefore, for this study, the SENSIRIONSPS30 set-up

installations, data collection, and performance evaluations took

place at both sites of the Meteorological Institute of Addis
Ababa and Adama.

Materials

The fine particulate-matter sensors on the market chosen for
this study were IQ Air Visual Pro and SPS30 (Sensirion,
Switzerland). These sensors are chosen due to being widely
used in many air purifiers and air quality monitoring devices, as
well as their reliability, low price, compact size, and popularity

[26-217].
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Factors to consider for selecting SPS30 and IQAV

For this study, the following major criteria were supported for
the selection of low-cost sensors of both SPS30 and IQAV,
measurements of interest pollutant (PM2.5), certified, tested,
and evaluated by the organization; their performance; simple
installations and maintenance and low price.

In contrast to other inexpensive PM2.5 sensors, the SPS30 is
built with advanced binning technologies and patented
contamination-resistant technology to deliver more accurate
data for a lifespan of over 10 years. The sensor performs self-
cleaning, and no maintenance is required. SPS30 has an
internal fan for sampling purposes and can measure the
concentration of particles ranging from 1 to 1000 pg/m3. The
device does not have storage and requires the use of a computer
and manufacturer-provided software for operation. An external
power source is required for operation as there is no internal
battery. Furthermore, it does not assess temperature or relative

humidity.
SENSIRIONSPS30 set up

The setup consists of different components, all of which are
driven by an Arduino Microprocessor. As a PM2.5 sensor in
the set-up, the SensirionSPS30 was used. This specific sensor
has been part of some of the setups studied in laboratory
circumstances or European cities [28-30]. In a preliminary field
test by the South Coast Air Quality Management District
(USA), an R2 of 0.83 was found between a reference
instrument and the SPS30, and a cross-unit variability of 1.3%
(South Coast Air Quality Management District). For this study,
the data collection with the SENSIRIONSPS30, set-ups were
done by connecting the SPS30, SD module to an Arduino
mega microprocessor. An SD card was put into the SD module,
the Arduino microprocessor was connected to the power bank,
and the power bank was connected to an electricity source at
both Addis Ababa and Adama Meteorological Institute
stations. The SPS30 requires a 5V supply voltage +/-0.5V to
provide correct output values; the SPS30 should be compatible

with 3.3V [2C levels, so as long as the supply voltage is correct
the SPS30 should work fine with 3.3V setups.

In this study, the setup is referred to as SENSIRIONSPS30
(SPS30 particle sensor with Arduino microprocessor). At both
stations, two SENSIRIONSPS30 set-ups were collocated and

used for measurement and intra-comparison.

No. Components Explanation Photo
1 Arduino Mega Microprocessor
2 SensirionSPS30 PM2.5 sensor
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3 SD module Module to connect the memory

card to the microprocessor &
4 Green LED Light, programmed to blink v

when data storage was

successful
5 SD card A memory card on which

measurement data can be

stored
6 DS3231 Real-Time Clock, to keep track

of the time, with CR2032

battery
7 Power bank To be charged, providing back-

up power

L

Table 1: Show a Summary of the Components of the
SENSIRIONSPS30 Set-ups

Table 1 shows the components of the SENSIRIONSPS30 set-

up with each descriptions and photos.
Integration with the Arduino Mega2560 Board

The process of integrating the SPS30 sensor with the Arduino
MEGA2560 board

undertaken with precision.

encompassed several critical steps,
The initial phase involved
establishing a connection between the sensor and the board.
This was achieved through the implementation of the 12C
communication protocol, chosen for its efficacy in ensuring
reliable and accurate data transmission. Subsequently, the
aspect of power supply became paramount. The operational
power for the SPS30 was sourced directly from the Arduino
board. This necessitated meticulous management of both
power supply and its distribution, a key factor in maintaining
system stability and functionality [32]. The specific connection

layout of the SPS30 sensor with the Arduino MEGA2560

board is illustrated in figure .
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Figure 2: SENSIRIONSPS30, set-up circuit sketch components
(A) and its photo (B)

The core components of the SENSIRIONSPS30, set-up were a
SPS30PM2.5 sensor, an SD card module, a Real Time Clock
(RTC), and LED connected to a microprocessor and with the
following descriptions of each components [32-33].

Arduino Mega2560 is a microcontroller board based on the
ATmega2560. 5 V x 50 Ma = 250 mW. An operating voltage

was 5v.

SPS30 was used to measure the concentration of PM2.5 in the

atmosphere and requires 5 V x 80 mA = 400 mW.
The realtime clock module with DS3232 ensured that the

arduino knew the exact time at any given measurement and the
builtin temperature sensor was deviation +3°C.

Micro SD card reader was suitable for the arduino and was
already part of the standard arduino library. The storage
capacity was 32 GB and the circuit current was 3.3v and 5v.

Micro SD card 4GB was suitable for older devices that can
handle a maximum of 4GB, and also suitable for arduino
micro SD card reader.

Jumpler cables with a length of 40cm to connect two points on
a bread board or arduino. They are grouped as a ribbon cable.

LED (Light Emitting Diode) light programmed to blink when
data storage was successful 40 mA x 5 V = 200 mW when in

use.
IQAir Air Visual pro

The Air Visual Pro, developed by IQAir in La Mirada,
California, monitors PM2.5, PM10, CO2, relative humidity
(RH), and temperature [34]. The PM2.5 AQI and mass
concentration can be displayed on the screen. The sensor can
internally store data for a maximum of 5 years, which is
approximately 3 GB in size. No Wi-Fi is needed for data
logging, as it can be done internally. However, Wi-Fi is
necessary to remotely retrieve the data from a mobile device or
computer, which can be done in a laboratory following
sampling. The manufacturer’s reported accuracy range is *+ 8%
of the reading. It uses a small fan to draw air inside the laser
cavity, where it utilizes light scattering to calculate the
concentration. It has a life expectancy of > 3 years [34].
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For this study, one IQAV per station was used for further
comparison with SENSIRIONSPS30 set up at each of the two
stations, Addis Ababa and Adama Meteorological Institute.

OPEN 8 ACCESS Freely available online

Table 2 below shows specifications of low-cost sensors used in
this study.

Sensors IQAV Pro SPS30

Name Air Visual Pro SensirionSPS30
Range 0-4488 0-1000

Logging interval >10s >1s

Cost ($) 269 30

Internal storage Yes No available
Internal battery 2-4 hours No available

Table 2: Lists the Fundamental Specifications of the LCS
Sensors that were Urtilized

IQA.ir Air visual pro, SensirionSpS30
Figure 3: Low-cost Sensors used for the Study
Gravimetric Instrument

The reference method for PM2.5 is based on gravimetric:
exposing a filter paper to air with PM2.5 and weighing the mass
increase to establish the concentration. PM2.5 is collected on
filter paper with an Ultrasonic Personal Air Sampler (UPAS)
[35]. The UPAS is a gravimetric instrument designed for
personal exposure and medium to high concentrations. With a
flow rate of 1 L/min, a filter is loaded with particles. At the
inlet, a cyclone makes sure those only particles with a diameter
smaller than 2.5pm. Over ranges of 20-1,000 pg/m3, found
strong correlations with the EPA federal reference method, and
found for ranges of 100-500 pg/m3 that the UPAS may be a
suitable alternative for respiratory dust mass sampling in
occupational settings. Filter papers were weighed before and
after sampling with a Mettler ToledoAE240 analytical balance,
which has a readability of 10 pg and a reproducibility of +20 pg
[35-37].

Installations of Instruments and Data Collection
SENSIRIONSPS30 and IQAV observations

For this study, SENSIRIONSPS30 and IQAV were installed at
fixed locations of the Ethiopian Meteorological Institute Addis
Ababa and Adama stations.

For data quality assessment, multiple instruments were placed
at the same location (colocate) at both study stations.
Continuous data collection took place for four consecutives of
months at both stations (mid-May to the 1st ten days of
September 2023). The two setups, SENSIRIONSPS30 and one
IQAir air visual Pro was placed at both stations. Regularly, the
instruments were checked if they were working properly, and
data from both instruments was retrieved once per week. Data
from the Sensirion SPS30 were recollected at 10-second
intervals on an SD card. For power interruptions, a power bank
provided an additional operation time up to 48 hours.

Data from the IQAV were collected at 10-second intervals. Data
is stored on the instrument, and retrieved by connecting to the
device storage over Wi-Fi. For power interruptions, an internal
battery can provide up to 4 hours of additional operation time.
At both measurement stations, Addis Ababa and Adama, the
IQAV served as the LCS for comparison with the
SensirionSPS30. The observation period for SENSIRIONSP30,
set-up, and IQAV data was collected from mid-May to the Ist
ten days of September 2023. Table 3 shows installation period,
data available for both low-cost sensors at both stations.

Locations Instruments Start time End time Hours of available | Missing data (%)
data

Addis Ababa ASPMO07 2023/5/23 2023/9/13 2281 20

Addis Ababa ASPMO08 2023/5/23 2023/9/13 2305 18

Addis Ababa ASPM15 2023/7/17 2023/9/13 1073 25

Adama ASPM10 2023/5/20 2023/9/15 2229 22

Adama ASPM 16 2023/8/1 2023/9/15 748 4

Adama IQAV08 2023/6/22 2023/9/15 1425 51

Addis Ababa IQAV11 2023/5/23 2023/9/15 2696 4

Table 3: Number of Data Points Collected, Durations, and
Missing of Data for Less

stopped, the availability of data, and missing data for each low-
cost sensor at both stations.

Table 3 shows the period when the low-cost sensors started to Gravimetric measurements

measure the PM2.5 and the period as the measurements
Journal of Climate Change and Pollution
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At the study locations, twelve and eight UPAS reference
measurements were conducted at Adama and Addis Ababa
stations, respectively. Empty filters were weighed at the Arba
Minch Air Quality Laboratory, and after being put into the
UPAS, and through the UPAS exposed to air next to other
instruments. For sufficient filter load, at Adama and Addis
Ababa stations longer filters were used; filter load times of 5
and 7 days were attempted. After loading, the filter was
weighed again (post) at Arba Minch University Air Quality
Laboratory. The total collection of PM2.5 equals the difference
between post and pre. The instrument operates at a flow rate of
1 L/min [38]. Based on the total hours of operation for a filter,
the total volume of air was calculated. The concentration
during the operation time is found by dividing the total
collected PM2.5 by the total volume of air.

To determine the mass concentrations of PM2.5 using filter
paper;

OPEN 8 ACCESS Freely available online
M2.5 = (Mf — Mi)mg = 103pug 3.1

Where, Mf = Final mass PM2.5 after filter paper exposed to
ambient air (mg)

Mi = Initial mass of empty filter paper (mg)
M?2.5
PM25 = —= 32

Where, V= total volume of sampled air, m3.
PM2.5= concentration of PM2.5 in ambient air (ug/m3).
of colocated SENSIRIONSPS30 can be

compared with this reference result by taking the average of all
measured concentrations during the same time. At both

Measurements

stations, the gravimetric measurements were taken for one
month.

Before sampling, the twenty paper filters were conditioned to
remove any moisture that might affect the weighing process.
This is done by putting the filter in desiccators. Table 4 below
shows durations for the gravimetric reference instruments to
collect the PM2.5 concentrations.

Number Location Duration Time (hr.)
1 Adama 2023/1/18 -2023/1/26 96

2 Adama 2023/1/26 - 2023/7/31 79.1
3 Adama 2023/1/31-2023/8/5 91.6
4 Adama 2023/8/7-2023/8/13 120
5 Adama 2023/8/14-2023/8/22 120
6 Adama 2023/8/23-2023/9/5 92

7 Adama 2023/1/21-2023/7/217 96

8 Adama 2023/1/28-2023/8/3 83.4
9 Adama 2023/8/3-2023/8/10 96
10 Adama 2023/8/10-2023/8/16 120
11 Adama 2023/8/17-2023/9/2 140
12 Adama 2023/9/4-2023/9/15 166
13 Addis Ababa 2023/1/20-2023/7/21 166.1
14 Addis Ababa 2023/7/21-2023/8/1 122.5
15 Addis Ababa 2023/8/1-2023/8/8 167
16 Addis Ababa 2023/8/8-2023/8/15 166
17 Addis Ababa 2023/8/15-2023/8/21 144
18 Addis Ababa 2023/8/21-2023/9/5 362
19 Addis Ababa 2023/9/5-2023/9/6 24

20 Addis Ababa 2023/9/6-2023/9/13 190

Table 4: Gravimetric UPAS Measurements at both Stations

The above table shows the duration of the exposure of UPAS
filter papers to air and the hours for each filter at both stations.
The duration of UPAS filter papers exposed to air for Adama
station was 83.4 hours to 166 hours, and for Addis Ababa
station, it was for about 24 hours to 362 hours. The UPAS
filter papers on which PM2.5 was exposed were used as a
reference for evaluating the performance of setup
sensirionSPS30 at both stations. The reason for the difference
between date duration and time of hours, especially at Adama
station, is due to the interruptions of power supply.

Data Processing and Software Used

Data Preparation

The European Commission (2010) permits the exclusion of up
to 2.5% of anomalies using Grubb’s outlier test at the 99%
level in their guidelines for Demonstrating Equivalence of
Ambient Air Monitoring Methods (DEM) [39]. 1 used this
method to eliminate outliers from some SENSIRIONSPS30
devices. And also, ASPM16 and ASPM10's real-time changed.

For UPAS at Addis Ababa, a day of measurement was removed
because it was an outlier. The data quality metrics for the three
comparison types and simultaneously checking the instruments
on the field were also used as data quality checks.

Journal of Climate Change and Pollution
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Software used

The ArcGIS was used to show the study area. The software
used for all data processing and visualization is Python 3.8 [40],
with the packages NumPy, Panda, and SciPy [41-43]. NumPy
was used for handling large dimensional arrays, pandas were
used for data manipulation and analysis and matplotlib was
used for building data visualization. Additionally, the averaged
continuous of SENSIRIONSPS30 PM2.5 measurements were
used for statistical analysis. Communication with the set-ups
(reading the serial messages, and uploading scripts) is done

through the Arduino IDE, version 1.8.16.

Data Analysis

Most commercial power banks have a capacity of 6-10 Ah at 5
V. In case of connection to an irregular power grid, a 6 Ah
during power

ower bank can provide backup power

OPEN 8 ACCESS Freely available online

interruptions for 6 Ah / (0.674 W / 5 V) = 44 hours [33].
During the data analysis unavailable data due to power loss,
were treated as ‘not available’. Different quality metrics were
taken from guidelines by the Environmental Protection Agency
of the United States of America (EPA); the National Institute
for Occupational Safety and Health (NIOSH); and the
European Commission in the Guide to the Demonstration of
Equivalence of Ambient Air Monitoring Methods, and those
regularly used in other studies for low-cost sensors data quality.
The data quality metrics used were the slope (S) and the
corresponding coefficient of determination (R2) of Ordinary
Least Squares regression, Coefficient of Variation (CV),
between-sampler uncertainty (ubs), Bias (B), Accuracy (Ac) and
Pearson correlation (r) [39,44]. Table 5 below shows metrics
used for evaluating the low-cost sensors, reference used and
score of requirements for each evaluation purpose.

Evaluation Metrics Location Reference Score /Requirement
Pairwise S&R2 Both Often used R2>0.75 at least; R2>0.9
(inera) cv Both EPA, NIOSH oo
© : <10%
Within gravimetric R Both EPA >0.97
(reference) S Both EPA 10.35
R2 Both Often used R2>0.75 at least; R2>0.9
v/good
B & Ac Both NIOSH Correction if /B/>10%,
Ac<25%
Within IQAir S&R2 Both Often used R2>0.75 at least; R2>0.9
/good
(between) v,
B &Ac Both NIOSH Correction if /B/>10%,
[0)
Ubs Both DEM Ac<25%
<2.5 pg/m3

Table 5: A Summary of Quality Metrics was Used for
Evaluating Lcss

The above table 5 shows the metrics used for the performance
evaluation of the SENSIRIONPS30 sensor against itself (intra-
comparison), with reference (gravimetric) and with other
commercially low-cost sensors (IQAV), guidelines as references
used, and score requirements at both stations.

Quantifying the correlation of SENSIRIONSPS30

To quantify the correlation of SENSIRIONSPS30, there were
three types of comparisons conducted in this study: a
comparison of similar SENSIRIONSPS30 (intra-comparison), a
comparison of the SENSIRIONSPS30 amongst other LCS
(intersensor comparison), and a comparison of the
SENSIRIONSPS30 with the gravimetric reference method
(reference comparison). Comparison with the air quality
monitoring stations (AQMs) at both stations was not possible,
because AQMs are currently not operational at both Addis
Ababa and Adama stations.

Comparison with similar (Intra comparison)

This kind of comparison is intra-comparison, a comparison
among the same instruments. For this study, the same
SENSIRIONSPS30, setups were compared at both Addis
Ababa and Adama meteorological stations. To compare these
SENSIRIONSPS30 with other sensirionSPS30 instruments,
the linear association quantified with the slope (S) resulting
from Ordinary Least Squares (OLS) regression without
intercept, and the corresponding coefficient of determination
(R2) was used. Furthermore, the coefficient of variation (CV),
which should be below 10% for good data quality, was
calculated as equation 3.3.

SD = ﬁ M SN (xdj — % d) 3.3
Where, SD = standard deviation of 24-hour averaged sensor
PM2.5 concentration measurement (ug/m3). M= number of
identical sensors operated simultaneously during a field test.
N= number of 24-hour periods during which all identical
sensors are operating and returning valid averages throughout
the field test.

xdj= 24-hr averaged sensor PM2.5 concentration for day d and
sensor j (ug/m3).
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xd= 24-hr averaged sensor PM2.5 concentration for day d (ug/
m3).

The Coefficient of Variation (CV) is calculated with equation
3.4 [45]

1 SD

CV=—) —

n 3.4

Where SD is the standard deviation, pi is the mean of
measurements of the two SENSIRIONSPS30 during the period
i and n is the number of periods.

Comparison with IQAV
This kind of comparison is inter-comparison, a comparison
between two different low-cost sensors. In this study,

SENSIRIONSPS30 and IQAV were compared at both Addis
Ababa and Adama meteorological stations. To compare the
SENSIRIONSPS30 with the IQAV, accuracies were used to
quantify the degree of equivalence at both stations. Accuracy
was used as a metric for all comparisons of averages over
periods smaller than 24 hours. Comparisons were also
conducted at 10-minute and 1-hour average levels. Additionally,
R2 for OLS regression without an intercept was computed.

Comparison with gravimetric (Reference comparison)

The kind of reference comparison is a comparison between
SENSIRIONSPS30 and reference instruments [46]. In this
study, SENSIRIONSPS30 and gravimetric were compared at
both Addis Ababa and Adama meteorological stations. Pearson
correlation coefficient (R), slope (S), and corresponding R2
based on OLS regression without intercept, accuracy, and bias
were computed for the comparison with the gravimetric
instrument.

Bias is the relative discrepancy between the mean of the
distribution of measurements from a low-cost sensor and the
reference concentration being measured, expressed as a
fraction. It is given by

The bias (B) was calculated with equation 3.5 [47]:
B 1 ZXi 1 35
B n( Yi )

Where Xi is the concentration of the low-cost sensor, Yi is the
concentration of the reference instruments for period i, and n is
the number of periods. To meet the accuracy (AC) of <25%,
acceptable monitors should have a bias magnitude no greater
than 10% and if this criterion is not met, measurements must
be bias-corrected.

The accuracy (Ac) is the theoretical maximum error of the
measurement, expressed as the proportion or percentage of the
amount being measured, without regard for the direction of the
error, which is achieved with 0.95 probabilities. The accuracy
was calculated as the upper value of the confidence interval at
95% of the relative difference between the low-cost sensors
measurement and reference measurements. Accuracy should be
<25% with 95% confidence. Accuracy was calculated with
equation 3.6

Where, A= accuracy, LCSPM2.5 =

RefPyy; 5 = reference measurement

low-cost sensors and

OPEN a ACCESS Freely available online
_ (LCSPMZ.S — Refpuz s
Refpumzs

For this,xi/yi all values are calculated, and the confidence

)* 100 3.6

interval at 95% was determined based on these values.

If |B]| is higher than 10%, NIOSH prescribes correcting the
bias in the data. Equation 3.7 was used for calculating
corrected data xnew based on the old data xold [47].

Xold

B+1 3.7
The names Ac_BC and Ac_AC were used to distinguish

between accuracy before and after bias correction, respectively.

Xnew =

A linear relationship between the low-cost sensors and
gravimetric reference data was assumed. For establishing this
linear relationship, algorithms of orthogonal regression were
used. If slopes are significantly different from 1, and/or the
intercept is significantly different from 0, the Demonstration of
Equivalence of Ambient Air Monitoring Methods (DEM)
prescribes correcting the data for this slope and/or intercept
[39]. To conduct all data comparisons in this study, the slope
without intercept was significant.

Temporal variation of PM2.5

Daily temporal variation of the PM2.5 concentrations over
Addis Ababa and Adama meteorological stations was done

using SENSIRIONSPS30 and IQAV.
RESULTS AND DISCUSSIONS

Comparisons of Intra-sensors of SENSIRONSPS30

To verify the internal consistency of the instrumentation,
identical SensirionSPS30 units were operated side-by-side at the
monitoring locations. The empirical evaluation began with
rigorous pairwise intra-sensor comparisons among the various
Sensirion SPS30 sensor setups deployed across the Addis
Ababa and Adama meteorological stations. Hourly scatter plots
illustrating these intra-sensor comparisons demonstrate that the
independent Sensirion SPS30 units exhibited highly consistent

measurement  behaviors, recording remarkably  similar
particulate matter concentrations across both  testing
environments.
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Figure 4: Hourly Scatter Plots among SENSIRIONSPS30

Figure 3  shows that the comparisons among
SENSIRIONSPS30 set-up sensors at Addis Ababa and Adama
meteorological ~ stations ~ were  good and  shows

SENSIRIONSPS30 were measured similar data at both stations

Location Instruments N CvV Slope R2
Addis Ababa ASPMO7 and 2155 9% 1.08 0.98
ASPMO08
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Addis Ababa ASPMO7 and 964 11.6% 1.01 0.97
ASPM15
Addis Ababa ASPMO8 and 966 8.5% 0.87 0.99
ASPM15
Adama ASPM10 and 727 3.9% 1.05 0.99
ASPM16
Table 6: Shows That the Comparison Among Figure 4 shows bar chart concentrations of gravimetric

SENSIRIONSPS30 Sensors at Both Locations Shows Good

Performance

At the Addis Ababa meteorological station, the comparison
between sensor ASPMO07 and ASPMO8 over 2,155 observations
yielded a low coefficient of variation of 9%, a regression slope
of 1.08, and an outstanding coefficient of determination of
0.98. Similarly, comparing ASPM07 against ASPM15 across
964 data points revealed a CV of 11.6%, a slope of 1.01, and an
R2 of 0.97, while the comparison between ASPMO08 and
ASPM15 across 966 observations demonstrated a CV of 8.5%,
a slope of 0.87, and an exceptionally high R2 of 0.99.

At the Adama meteorological station, the intra-sensor
evaluation between ASPMI10 and ASPMI16 across 727
observations  established an even tighter alignment,

characterized by a minimal coefficient of variation of 3.9%, a
regression slope of 1.05, and a coefficient of determination
reaching 0.99. These quantitative findings confirm that the
Sensirion SPS30 sensor setups possess exceptional internal
precision and repeatability under field operating conditions.

SENSIRIONSPS30

Comparisons  of with  reference

instrument

To evaluate absolute measurement accuracy, the low-cost sensor
outputs were benchmarked directly against the gravimetric
reference data obtained via the UPAS sampler. Bar chart
concentration comparisons clearly displayed the distribution
patterns between the gravimetric reference and the low-cost
sensor arrays at both monitoring locations.

(reference) and  all  low-cost  sensors  including
SENSIRIONSPS30 and IQAV at Addis Ababa meteorological

station.

— A

ASPMOT
o ASPMOE
- ASPHIS
- 1]

¥ | B 1
= Ehi £
11 - i
] [ ] HE i ¥ i
] - # Ll i Fl L1
14 2 ] L | | £
§ § 1 i
] | 4 i
L4111 I E0 Biekn BiTds SgEl BA¢R. WifHs |
7 ] i i ' 1 H

Concerration {ig/m*)
W

T

— upan
ASPHND
e e ]

Figure 5: Shows Concentrations of UPAS and LCS Sensors

During the Same Time at Addis Ababa

Figure 6: Show Concentrations of UPAS and LCS Sensors
during the Same time at Adama

Concentraton (i)

Figure 5 shows bar chart concentrations of UPAS (reference
instrument) and all low-cost including SENSIRIONSPS30 and
IQAV sensors at Adama station

Location Instruments | Numbers R Accuracy Bias Accuracy Slope R2
before bias after bias
correction correction
Addis Ababa | ASPMO7 5 0.76 0.46 0.39 0.15 1.64 0.99
Addis Ababa | ASPMO08 5 0.86 0.35 .28 0.13 1.39 0.99
Addis Ababa |ASPM15 6 0.85 0.43 .38 0.12 1.6 0.99
Addis Ababa |IQAV11 6 0.18 0.92 -0.88 0.50 8.8 0.86
Addis Ababa | ASPMO07, 10 0.74 0.39 0.34 0.15 1.49 0.98
ASPMOS,
ASPM15
Adama ASPM 10 10 0.58 0.48 0.42 0.18 1.7 0.97
Adama ASPM16 5 0.52 0.54 0.44 0.25 1.76 0.97
Adama IQAVOS8 8 0.33 0.39 .30 0.15 1.43 0.98
Adama ASPM10 and | 15 0.56 0.47 0.43 0.17 1.72 0.97
ASPM16
Addis Ababa | ASPMO07, 25 0.95 0.42 .39 0.17 1.53 0.98
and Adama |ASPMOS,
ASPM 10,
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Table 7: Show Quality Metrics Between Lcss and Gravimetric
UPAS at Both Stations

At Addis Ababa, individual evaluations of sensor ASPMO07
against the reference across 5 paired samples yielded a Pearson
correlation of 0.76, an initial pre-correction accuracy of 0.46, a
negative bias of -0.39, a post-correction accuracy of 0.15, a
regression slope of 1.64, and an R2 of 0.99. Sensor ASPMO08
across 5 samples demonstrated a correlation of 0.86, a pre-
correction accuracy of 0.35, a bias of -0.28, a post-correction
accuracy of 0.13, a slope of 1.39, and an R2 of 0.99. Sensor
ASPM15 across 6 samples showed a correlation of 0.85, a pre-
correction accuracy of 0.43, a bias of -0.38, a post-correction
accuracy of 0.12, a slope of 1.6, and an R2 of 0.99. Meanwhile,
the IQAir reference comparison (IQAV11) yielded a weaker
correlation of -0.18, a pre-correction accuracy of 0.92, a bias of
-0.88, a post-correction accuracy of 0.50, a slope of 8.8, and an

R2 of 0.86.

Combining all Sensirion units at Addis Ababa across 10
aggregate samples yielded a robust Pearson correlation of 0.74,
a pre-correction accuracy of 0.39, a bias of -0.34, a post-
correction accuracy of 0.15, a slope of 1.49, and an R2 of 0.98.

At Adama, sensor ASPMI10 evaluated across 10 samples
achieved a correlation of 0.58, a pre-correction accuracy of
0.48, a bias of -0.42, a post-correction accuracy of 0.18, a slope
of 1.7, and an R2 of 0.97. Sensor ASPM16 across 5 samples
recorded a correlation of 0.52, a pre-correction accuracy of
0.54, a bias of -0.44, a post-correction accuracy of 0.25, a slope
of 1.76, and an R2 of 0.97. The IQAir unit at Adama (IQAV08)
across 8 samples showed a correlation of 0.33, a pre-correction
accuracy of 0.39, a bias of -0.30, a post-correction accuracy of
0.15, a slope of 1.43, and an R2 of 0.98. Across the combined
dataset of 25 total samples spanning both Addis Ababa and
Adama stations, the Sensirion SPS30 sensors achieved an

impressive overall Pearson correlation of 0.95, a pre-correction
accuracy of 0.42, a bias of -0.39, a post-correction accuracy of
0.17, a regression slope of 1.53, and a high coefficient of
determination of 0.98.

Comparisons of SENSIRIONSPS30 with low-cost sensors

Inter-sensor comparisons between the Sensirion SPS30 units
and the IQAir Air Visual Pro units revealed notable
performance variations between the two monitoring sites.
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Figure 7: Hourly Scatter Plot between SENSIRIONSPS30 and
IQAV

Hourly scatter plots indicated that the comparison between
IQAV11 and ASPMO8 at the Addis Ababa station exhibited
high dispersion, reflecting lower mutual precision and inter-
sensor comparability between the two device types at that
location, whereas the comparison between IQAV08 and
ASPM10 were less scattered showing that the IQAV and
SENSIRIONSPS30 measure PM2.5 close to one another at
Adama station. Table 8 shows some statistical comparisons

between SENSIRIONSPS30, set-ups and IQAV at both sites.

Location Instruments |Number Uncertainty |Accuracy Bias Accuracy Slope R2
between before bias after bias
sampler correction correction
(Ubs)
Addis Ababa | ASPMO7 and |2274 19.55 0.59 0.54 0.75 1.58 0.66
IQAV11
Addis Ababa | ASPMO8 and | 2296 23.9 0.64 0.60 0.80 1.68 0.60
IQAV11
Addis Ababa |ASPM15 and | 1060 25.76 0.87 0.86 0.49 4.7 0.71
IQAV11
Adama ASPM10 and | 1291 3.23 0.23 0.21 0.10 0.79 0.98
IQAV08
Adama ASPM 16 and | 616 3.34 0.27 0.26 0.08 0.76 0.99
IQAV08

Table 8: Show Quality Metrics Between SENSIRIONSPS30
and IQAV at both Stations

Uncertainty between samplers (ubs) for Addis Ababa pairings
reached 19.55 for ASPMO7 and IQAV1l across 2,274
observations (R2 = 0.66), 23.9 for ASPMO08 and IQAV11 across

2,296 observations (R2 = 0.60), and 25.76 for ASPM15 and
IQAV11 across 1,060 observations (R2 = 0.71).

Conversely, the intersensor comparison at the Adama station
between IQAVO08 and the Sensirion units was markedly less
scattered, demonstrating that the IQAir and Sensirion SPS30
sensors measured PM2.5 concentrations in much closer
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alignment. For Adama, the pairing between ASPM10 and
IQAVO08 across 1,291 observations yielded a remarkably low
sampler uncertainty of 3.23, a pre-correction accuracy of 0.23, a
bias of 0.21, a post-correction accuracy of 0.10, a regression
slope of 0.79, and an exceptional R2 of 0.98. Similarly, the
comparison between ASPM16 and IQAVO08 across 616
observations showed a sampler uncertainty of 3.34, a pre-
correction accuracy of 0.27, a bias of 0.26, a post-correction
accuracy of 0.08, a regression slope of 0.76, and an R2 of 0.99.

Temporal Variations of PM2.5

Temporal variations of PM2.5 concentration over Addis
Ababa station

An analysis of daily temporal variations revealed distinct
particulate pollution patterns across both urban monitoring
sites. Figure 7 shows daily concentration of PM2.5 over Addis
Ababa.

) Daity concentration of PM2.5 at Addis Ababa
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Figure 8: Shows Daily Concentration of PM2.5 Over Addis
Ababa

From the figure 7 the concentrations of PM2.5 at Addis Ababa
station were usually between 30 and 60 pg/m3. On average, the
concentration was around 42.2pg/m3. According to WHO
guidelines, the daily mean concentration of PM2.5 was 15
pug/m3, but in this study, the concentration of PM2.5 was three
times higher than the guidelines of WHO. There are limited
long-term studies on ambient air pollution in Addis Ababa, but
the available data so far indicate that the level of air pollution
in the city is increasing [11]. Due to rapid urban growth and
increased vehicles, air quality management in Addis Ababa is
challenging, and real-time monitoring is needed [24].

Temporal variation of PM2.5 concentration over Adama
station

In this study, the daily concentration level of PM2.5 was done
using the data of SENSIRIONSPS30 and IQAV, because their
measurements are almost the same and have good accuracy
when compared to reference measurements.

Daily concentration of PM2.5 at Adama

S
AEPMLE
[
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B

Figure 9: Shows Daily Concentration of PM2.5 Over Adama

From the above figure 8 the concentrations of PM2.5 at Adama
station were between 10 and 30pg/m3 with an average of

OPEN 8 ACCESS Freely available online

around 16.6pg/m3. The concentration level of PM2.5 in
Adama was also higher than the WHO guidelines, which set to
daily concentration level of 15 pg/m3 (WHO, 2021).

From the daily temporal variation concentration of PM2.5
measured by SENSIRIONSPS30 the concentration of PM2.5 at
Addis Ababa station was higher than the concentration of level
of PM2.5 at Adama station due to the instruments were
installed in confined air and the sources of PM2.5 in Addis
Ababa was higher than Adama station area.

CONCLUSION AND RECOMMENDATION

This study evaluated low-cost sensors (LCS) for measuring
PM2.5 concentrations at Ethiopia's Addis Ababa and Adama
meteorological stations. From the performance evaluation of
the SENSIRIONSPS30, the study showed that the low-cost
sensor was good. The coefficient of variation is in almost all
circumstances below the required 10%, and the accuracy
against the gravimetric was at both locations well below the
required 25%. Average daily PM2.5 concentrations at Addis
Ababa and Adama meteorological stations were 42.2pg/m3
and 16.6pg/m3 respectively. This indicates concentration level

of PM2.5 was high in the capital city of Addis Ababa.

The SENSIRIONSPS30 low-cost sensor has shown promising
results in accurately measuring PM2.5 concentrations at both
Addis Ababa and Adama meteorological stations.

The good performance of the SENSIRIONSPS30 has
implications for air quality monitoring in Ethiopia and other
developing countries. Monitoring air quality can inform policy
decisions, improve public health, and guide future research.

It is recommended to test the quality of the sensors also in
other cities and other weather and climatic seasons. This thesis
was only focused on Addis Ababa and Adama meteorological
stations. If the sensor quality is validated in different cities and
ambient circumstances, the SENSIRIONSPS30 set-up possibly

becomes applicable to many more locations.
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