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Research article 
Using student science to identify research priority 
areas for air pollution in a university environment: 
an Ethiopian case study

Introduction 
Air pollution poses one of the biggest current threats to health 
worldwide (Babatola, 2018; Gakidou et al., 2017; Shaddick et 
al., 2018). Ambient (outdoor) air pollution is estimated to cause 
4.2 million premature deaths worldwide each year, especially 
due to exposure to particles with a diameter smaller than  
2.5 µm (PM2.5) (World Health Organization, 2018a; data for 
2016). Another 3.8 million premature deaths can be attributed 
to indoor (household) air pollution (World Health Organization, 
2018b). The burden of these premature deaths is especially 
carried by low- and middle-income countries, where air 
pollutant emissions are more prevalent due to the use of solid 
fuels like wood, charcoal, and dung as well as open kerosene 
fires (World Health Organization, 2018b). Besides particulate 
matter (PM2.5), carbon monoxide (CO) is a common indicator of 

household air pollution (Leavey et al., 2015). Both PM2.5 and CO 
are products from incomplete combustion, so higher exposure 
can be expected when people are close to combustion sources 
like traffic, waste burning or cooking practices.

While PM2.5 and CO are useful measures of combustion-related 
air pollution, universities’ indoor air quality measures often 
focus on carbon dioxide (CO2). CO2 is an indicator of quality of 
ventilation, and increased CO2 concentrations have adverse 
health effects and on cognitive performance by causing 
drowsiness, headache, and loss of attention (Soomro et al., 
2019). Such effects are a problem at campuses, where both a 
great deal of brainwork is needed, and a lot of people might 
gather in less-ventilated spaces.
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Research on air quality and air pollution disproportionally 
favours some settings and scenarios over others. For instance, 
while outdoors air pollution is justifiably a focus of much 
research worldwide, work that considers it in relation to 
schooling tends to be limited to higher income countries, and 
little is known about the impact of air pollution for students in 
lower income countries (Chen, 2018). Likewise, while ventilation 
research has been conducted in a range of European countries, 
the USA, UAE, and India (Soomro et al., 2019), and indoor and 
outdoor measurements of air quality exist for universities in 
Spain and China (Alves et al., 2020) such studies are again 
rare for lower income countries. And yet it is precisely in lower 
income countries, where the topic of air quality in relation to 
higher education is especially urgent. For instance, students in 
a country like Ethiopia must deal with a combination of these 
air quality challenges. They frequently encounter combustion 
sources such as open waste burning, cooking with biomass 
fuels, and traffic consisting of older vehicles. Also, they spend a 
lot of time in crowded dormitories and classrooms. 

As the lack of research clearly is not because of a lack of relevance, 
it must be due to a lack of awareness and/or resources. One of 
the most promising ways to tackle both awareness and resources 
problems, is to crowd-source measurements using relatively 
low-tech methods that can be widely deployed. This falls under 
the umbrella of Citizen Science: science carried out at least in 
part by lay people or by a broader community than professional 
researchers (Kimura & Kinchy, 2016). For the topic of air quality in 
higher education specifically, a particularly promising approach 
is Student Science: to let students conduct science, as part of the 
students’ curriculum (Dingemanse & Dingemanse-de Wit, 2022). 
This combines the benefits of crowdsourcing associated with 
Citizen Science with the additional educational value offered by 
participatory research (Zoellick et al., 2012). Especially for work 
that focuses on students’ environments, an obvious advantage 
is that students have easy access to their own environment, 
while it at the same time raises their awareness on such issues.

Here we report first results of a participatory research approach 
to crowdsourcing measurements in an institution of higher 
education in Arba Minch, Ethiopia. Students of Arba Minch 
University have conducted measurements of PM2.5, CO, and CO2 
in a variety of self-selected air quality circumstances in their 
environment. This case of Student Science has been subject 
to a study in which it is found that Student Science can serve 
both scientific and educational needs typical for a university 
in Ethiopia (Dingemanse & Dingemanse-de Wit, 2022). The 
current study focuses on that scientific side and makes two 
main contributions. First, in several cases the measurements 
represent the first of their kind for a range of locations and 
activities that are frequent in many societies worldwide. This 
includes open waste burning, charcoal cooking, and restaurant 
kitchens that use biomass fuels, all of which are indicated as 
priority areas for further research. Second, this study shows that 
the Student Science research approach can address structural 
inequalities in access to measurements of air pollution and can 
improve our understanding of how air quality contributes to 
health and cognitive performance in societies around the world.

Literature review
PM2.5 health effects and guideline values
Particles suspended in the air with an aerodynamic diameter 
smaller than 2.5 micrometre (PM2.5) are associated with a variety 
of adverse health effects upon exposure, such as cardiovascular 
and respiratory diseases (Lu et al., 2015), as well as diabetes, 
adverse birth outcomes, and others (Feng et al., 2016). The 
health effects of PM2.5 are diverse because PM2.5 can consist out 
of many different components, including ammoniated sulphate, 
crustal material, carbonaceous components, oxides, and trace 
metals (Snider et al., 2016).

Health effects have been witnessed for relatively low 
concentrations, both for short-term (24-hour) and long-term 
exposure. In 2005, the World Health Organization (WHO) 
established guideline values for PM2.5 with respect to the long- 
and the short-term: an annual average concentration of 10 µg/m3 
and a 24-hour average concentration of 25 µg/m3 (World Health 
Organization, 2006). The annual guideline value was based on 
earlier research, such as the American Cancer Society’s (ACS) 
study and the Harvard Six-Cities data. These studies showed that 
health effects can be expected for annual mean concentrations 
(long-term) already in the range of 11-15 µg/m3. The 24-hour 
average was based on an average concentration pattern, in 
which a concentration of 25 µg/m3 can be expected in 1% of 
the time (99th-percentile) if the annual average concentration 
is 10 µg/m3. The rationale for a short-term guideline value was 
provided by studies that showed an increased mortality of 0.5% 
for every 10 µg/m3 PM10 short-term increment, combined with 
the assumption that health effects were especially related to the 
PM2.5 portion of PM10 (World Health Organization, 2006).

Indeed, newer studies have only added evidence to these 
findings. Atkinson et al. (2014) found that a short-term 10 µg/
m3 increment of PM2.5 is associated with a 1.04% increase in 
mortality. Kloog et al. (2013) found even a higher value, 2.8%, 
while also reporting health effects for every long-term 10 µg/
m3 increment. A threshold below which no damage to health is 
observed, is not identified (World Health Organization, 2018a). 
Guideline values for concentrations of PM2.5, therefore, reflect an 
aim to achieve the lowest concentration of PM possible, instead 
of a level at which no health effects are expected. In 2021, the 
WHO has updated the guideline values for PM2.5 to an annual 
average of 5 µg/m3 and a 24-hour average concentration of 
15 µg/m3, based on a review of newest studies (World Health 
Organization, 2021).

CO health effects and guideline values
Compared to PM2.5, the adverse health effects of CO are relatively 
straightforward. CO binds with haemoglobin (creating COHb), 
thereby taking the place of oxygen. This results in a reduced 
transport of oxygen in the body. Health effects of CO are primarily 
short-term: during exposure to high CO concentrations, there is 
imminent threat. Unlike PM2.5, there is a threshold below which 
no health effects are expected. Guideline values are based on 
a maximum level of COHb of 2.5% and known variables of CO 
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uptake (World Health Organization, 2000). Based on this, for 
15-minute, 30-minute, 1-hour and 8-hour periods the following 
guideline values are established: 100, 60, 30, 10 mg/m3. This 
corresponds to 87, 52, 26 and 9 ppm (Boguski, 2006).

CO and PM
Both for PM2.5 and CO, the main source for harmful concentration 
levels is incomplete combustion. For this reason, it has been 
hypothesized that one can be used as a proxy for the other 
(Northcross et al., 2010), removing the need of studying both. 
However, there are mixed results in this regard. Amongst other 
things, the ratio of CO to PM varies over the burn cycle and 
varies as a function of combustion source (Northcross et al., 
2010). Leavey et al. (2015) found that PM2.5 and CO correlated 
differently to different fuel-related variables.

Besides a variation in ratios from different sources, another 
aspect influencing the differences is the atmospheric lifetime 
and baseline atmospheric concentrations (background 
concentrations). The atmospheric lifetime of PM2.5 is longer 
than CO, resulting in more transport opportunities for PM2.5 
and relative higher background concentrations. For example, 
Wang et al. (2020) reports background concentrations for PM2.5 
in Taiwan of 4.4 µg/m3, while atmospheric concentrations for 
CO are normally around 0.1 ppm (UCAR, 2017). The background 
concentration for PM2.5 is about 50% of the lowest GV, while 
that of CO is about 1%. In confined places close to combustion 
sources, both PM2.5 and CO concentrations can become 
magnitude of orders higher than ambient concentrations. The CO 
concentration, however, will quickly reduce to non-problematic 
levels if the source is removed, and will not influence the wider 
surrounding as much as PM2.5. A large PM2.5 source, instead, can 
influence concentrations in the wider environment and result in 
a relative higher background concentration.

Besides the difference in emission ratios and atmospheric 
concentrations, there is also a crucial difference in health effects. 
For CO, these are primarily short-term (up to even 15-minutes), 
while those of PM are also related to long-term exposure. For 
these three reasons, it is relevant to study not only one of the 
two, but both PM and CO.

CO2 health effects and guideline values
While CO2 is well known as a significant factor in climate 
change, in relation to air pollution and health effects it is 
relevant as a ventilation parameter. As humans are a source 
of CO2, its concentration is an indicator of the quality of the 
ventilation in a certain space. Atmospheric CO2 concentrations 
range from 400-500 ppm. Higher concentrations can result 
in adverse health effects. Severe health effects of CO2 only 
occur under extremely high concentrations. In 1986, at Lake 
Nyos in Cameroon multiple people died due to an exposure to 
estimated CO2 concentrations of 8-10% (i.e., 80 000 - 100 000 
ppm) (Rice, 2014); this concentration was caused by a sudden 
outgassing of CO2 stored in the lake. Rice (2014) reports other 
adverse health effects, such as decreased lung functioning, 
from 8500 ppm. Such high levels, however, generally not occur 

when the primary source is human respiration. At lower levels of 
CO2, reported effects include drowsiness, loss of attention and 
headaches (Soomro et al., 2019). Generally, 1000 ppm is used 
as a threshold to indicate that ventilation is needed. Satish et 
al. (2012) found that exposure to a concentration of 1000 ppm 
influenced decision-making performance. Between 1000-2000 
ppm symptoms like drowsiness can occur, while exposures in 
the 2000-5000 ppm range can additionally cause headaches, 
sleepiness, loss of attention, and so on (Soomro et al., 2019).

Materials and methods
Student science project
Students of Water Supply and Environmental Engineering 
(WSEE; 139 students, Year 4) and Meteorology and Hydrology 
(MHD; 26 students, Year 2), Arba Minch University, Ethiopia, 
worked in groups of 4-6 (total 33 groups) to investigate a self-
selected scenario in which they expected air pollution. The 
students could pick scenarios related to either CO, PM2.5 and/
or CO2. The groups had to produce a measurement plan (and 
implement feedback on its draft version), before they could 
conduct measurements of the respective air pollutants. All 
measurements were conducted in November and December 
2019. The first author of this article was the lecturer for the 
project. The three co-authors were students within the project.

Measurement instruments
The instruments available were a Lascar EL-USB-CO datalogger 
(for CO, range 1-1,000 ppm), a UCB-PATS+ (for PM2.5, range 10-
30,000 µg/m3) and a IQAir Airvisual Pro (for PM2.5, range 1-1,800 
µg/m3 and/or CO2, range 400-10,000 ppm), which we will refer to 
as ELCO, PATS, and IQAV respectively.  The ELCO measures CO 
based on electrochemistry: CO oxidizes on an electrochemical 
cell and is transformed into an electric current that is linearly 
proportional to the concentration. Measurement of PM2.5 by 
the PATS and IQAV uses light scattering. The amount of scatter, 
which is related to the number of particles, is detected by a 
photodetector. The resulting voltage signal is proportional to the 
mass concentration. CO2 is measured based on nondispersive 
infrared (NDIR) technology. The instrument has an infrared 
lamp and an infrared detector. CO2 absorbs infrared light at a 
specific wavelength; the amount of absorption can be detected. 
The amount of infrared light being absorbed by CO2 is directly 
proportional to the CO2 concentration.

Both ELCO and PATS are commonly used in air quality studies 
with a focus on biomass burning (Chowdhury et al., 2012; Kumar 
et al., 2015; Leavey et al., 2015; Ochieng et al., 2016; Pennise 
et al., 2009; Rosa et al., 2014). The IQAV is used worldwide 
for indoor and ambient air quality monitoring (IQAir, 2020), 
though to a lesser extent in scientific studies. The measurement 
principles (light scatter for PM2.5 and NDIR of CO2) are, however, 
widely used in other instruments. For PM2.5 with the IQAV, 
Massen et al. (2018) found a correlation coefficient with a 
reference instrument of 0.97. For CO2 with an NDIR instrument 
(such as the IQAV), Petersen et al. (2018) found a measurement 
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uncertainty of <50 ppm given instruments that are calibrated 
for temperature influences (which is the case for a -10 to 40°C 
range). The instruments were factory-calibrated and had not 
been used before the measurement project, other than for short 
test measurements.

Data collection procedures
For the PATS, the lecturer performed a zero-calibration before 
and after each measurement. The instruments were prepared 
and started by the lecturer. The students got the necessary 
instrument while it was already running. Therefore, the students 
only had to place the instrument at their chosen position(s). The 
students took the instruments for a minimum of 24 hours, to 
make it possible to conduct their measurements at any relevant 
time. The lecturer switched off the instruments after they were 
returned by the students and retrieved the measurement data 
from the instruments.

Within a measurement plan, the students described their 
measurement location (such as ‘kitchen’ or ‘bus station’). For 
data collection at that location, the students were instructed to 
place the instrument at a relevant position, meaning a location 
which is representative of where people could realistically be 
exposed (for example, in the kitchen an instrument should not 
be placed directly above a fire, as people do not reside there). 
Furthermore, students were instructed to hold the measurement 
instrument stable at their chosen location, for example by fixing 
it to some construction. The students were asked to make 
regular notes of relevant circumstances (such as the presence of 
air pollution sources), and to take photos.

Quantity of measurement data
33 groups of students conducted a total of 65 measurements, 
with some of the groups collecting multiple measurements (for 
example, inside and outside a restaurant kitchen). The length 
of measurements ranged from 5 minutes to 5.75 hours (average 
and median: 1.7 hours), with measurement frequencies ranging 
from 10 seconds to 5 minutes. Here we include 51 of the 65 
measurements. The 14 exclusions are accounted for as follows. 
Background and reference measurements are left out (n=11). 
For one group of students the measurements were disturbed by 
dust being blown into the sensor, so these are also omitted (n=2). 
Finally, one measurement was continuously at the lowest value 
of the instrument and so provided no analysable information 
(n=1). This leaves a total of 51 measurements for analysis.

Measurement locations
The 51 measurements and their locations are divided into 
5 separate groups and 17 subgroups. Table 1 shows the 
distribution of measurements over separate locations.

Most measurements were conducted at the Main Campus of 
Arba Minch University (referred to as ‘campus’ in the remainder 
of this article). Measurements in restaurants were held at 
different campus cafeterias, and at one restaurant in Arba Minch 
town. Measurements at households were conducted in different 
homes in Arba Minch. Measurements at waste burning sites 

were held close (CO between 1 and 40 meters, PM2.5 between 
1 and 20 meters) to burning of domestic or agricultural waste 
on the campus. Ambient measurements were conducted in 
Arba Minch bus station, at the roadside close to campus, at two 
different generators in Arba Minch town, and at a smoking area 
on campus. CO2 ventilation measurements were all conducted 
on campus: in libraries, in student dormitories, in classrooms, 
and in cafeterias.

Distinguishing priority areas
To distinguish priority areas, measurement results of the 
students are compared to guideline values (GVs). For all 
scenarios that are identified as priority area, measurement 
results are compared to results in other studies. In this way, the 
identification of priority areas is validated.

PM2.5 priority areas
As discussed in section 2.1, the GVs for PM2.5 are 5 µg/m3 and 
15 µg/m3 for an annual and 24-hour average, respectively. All 
measurements are short-term (less than 24 hours). For that 
reason, the GV of 15 µg/m3 as 24-hour average will be used. For 
comparison with the GV, the measured concentration (CMeasured) 
is translated to a 24-hour average concentration (C24h) based on 
a likely duration (LD) of the respective circumstance (scenarios 

Table 1: Summary of measurement characteristics, including, per 
scenario, the number of datafiles (NF), the number of data points within 
these data files (ND) and the total measurement time in hours (NH).

ID Scenario Pollutant Instrument NF ND NH

1A
1B

Restaurants 
Visitor area 
Kitchen area

CO 
CO

ELCO 
ELCO

5 
15

1139
4584

9.3 
24

2A
2B
2C
2D

Households
Kitchen, wood fuel
Coffee ceremony1 inside
Coffee ceremony outside
Charcoal cooking outside

CO
PM2.5
PM2.5
CO

ELCO
IQAV
IQAV
ELCO

5
1
1
1

415
360
360

60

6.8
1.0
1.0
1.0

3A
3B

Waste burning 
CO
PM2.5

CO 
PM2.5

ELCO 
PATS

4 
1

1020
121

6.9
2.0

4A
4B
4C
4D
4E

Ambient 
Bus station CO
Bus station PM2.5
Roadside
Generator2

Smoking area

CO 
PM2.5 
PM2.5 
PM2.5 
PM2.5

ELCO 
IQAV
PATS
PATS
PATS

1
1
1
2
1

360
243
721
698

1099

1.0
2.0
2.0
1.9
3.0

5A
5B
5C
5D

Ventilation 
Library
Dormitory
Classroom
Restaurant

CO2
CO2
CO2
CO2

IQAV 
IQAV
IQAV
IQAV

3
3
2
4

942
547
269

2134

9.0
7.8
3.6
9.0

All 51 15 072 91

1.	 The Ethiopian coffee ceremony is the full process of roasting 
beans up to preparing and serving coffee, usually on a charcoal 
fire and often together with burning incense.

2.	 One <25 kVA gasoline generator, and one 42 kVA diesel 
generator.
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2B, 2C, 3B, 4D and 4E: 1 hour; scenarios 4B and 4C: 8 hours), 
and an assumed background concentration (CBackground), as 
shown in equation 1. A background concentration of 0 µg/m3 is 
used, so that the calculated average concentration can be fully 
attributed to the measurement.

 (1)

CO priority areas 
As discussed in section 2.2, GVs for CO are 87, 52, 26 and 9 ppm 
for time averages of respectively 15 minutes, 30 minutes, 1 hour 
and 8 hours. For distinguishing priority areas related to CO, all 
available time averages from the measurement data are used 
for comparison (for example: a measurement period of one 
hour provides four 15-minute averages, two 30-minute averages 
and one 1-hour average, each of which can be compared to 
the respective GV). To compare each of these GVs equally, 
measurement results for the respective time periods are also 
shown as percentages relative to their perspective GV. For 
example, measurement results of 87 ppm as 15-minute average 
and 52 ppm as 30-minute average are both presented as 100%.

CO2 priority areas 
For distinguishing priority areas related to CO2, a guideline value 
of 1000 ppm will be used, as discussed in section 2.4. For CO2, 
the averages of the measurements are compared to the GV.

Data analysis 
For CO2, a disruption of the measurements could occur if 
the group members breathed close to the sensor. While the 
students were warned for this, some groups acknowledged that 
this happened. Such a moment can be recognized by a sudden 
and extreme increase of the concentration, resulting in outliers. 
Outliers are operationalized as values higher than mean+2* 
standard deviation (Std), whose removal results in a more than 
10% change in mean concentration. Outliers were found in and 
pruned from three datafiles.

All measurement data is processed with Python version 3.7.9 
(Python Core Team, 2020), and all graphics are created with the 
Python library Matplotlib version 3.3.2 (Hunter, 2007). The data 
generated and/or analysed during the current study (air quality 
measurement data and python scripts) are available in the OSF 
repository, https://doi.org/10.17605/OSF.IO/HW57Z.

Results
PM2.5 measurements

Priority areas
Table 2 shows the measurement results for the scenarios with 
PM2.5 measurements. Besides the mean, the highest 10-minute 
average is shown to give insight in the degree of variation. Figure 
1 shows each of the PM2.5 measurements, translated into a likely 
24-hour average, in comparison with the guideline value.

The highest concentration peaks (10-minute averages higher 
than 1000 µg/m3) are witnessed at the coffee ceremonies, close 
to waste burning and close to a generator. The highest mean 
concentration is reported close to waste burning – though 
concentrations at the coffee ceremonies might also have been 
higher (see Table 2 note 2). Exceedances of the guideline value 
are expected at the inside coffee ceremony (2B), close to waste 
burning (3B), at the bus station (4B) and close to a generator 
(4D). Based on these measurements, those scenarios can be 
considered priority areas for research.

Comparison with earlier studies
A pilot study on coffee ceremonies inside in 10 houses in Addis 
Ababa, Ethiopia, found PM4 concentrations ranging from <720-

Table 2: Mean, standard deviation (Std) and highest 10-minute average 
for PM2.5 measurements.

ID Scenario Mean (Std)1

[µg/m3]
Highest 10 min.
[µg/m3]

2B
2C
3B
4B
4C
4D
4E

Coffee ceremony inside
Coffee ceremony outside
Waste burning
Bus station
Roadside
Generator
Smoking

>606
>298
1052
94
39
730 (679) 3

149

>1419 2

>1293 2

2145
296
146
1890
802

1.	 If there are multiple measurements for one scenario, the 
standard deviation is shown, based on the means of the different 
measurements.

2.	 Measurements with the IQAV reached the instrument’s upper 
limit of 1800 µg/m3 during the coffee ceremonies. Therefore, 
concentrations were most likely higher than reported

3.	 Students measured at two different generators: a gasoline and 
a diesel generator (see Table 1 note 2). Individually, average 
measurements were respectively 52 and 1409 µg/m3.

Figure 1: Likely 24-hour average concentrations for all PM2.5 measure-
ments, in comparison with the guideline value.
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4,200 µg/m3 (Keil et al., 2010). By definition, PM4 is slightly 
higher than PM2.5 (PM4 consists of PM2.5 and all particles with 
an aerodynamic diameter of 2.5-4 µm), and the lower limit 
of the instrument used by Keil et al. is 720 µg/m3. However, 
these higher measurements confirm the assumption that 
concentrations were higher than reported. More importantly, 
it provides converging evidence for our designation of indoor 
coffee ceremonies as a priority area for further research.

Some studies have measured under circumstances of open 
waste burning. However, these studies concern burning 
at a larger distance or burning in a large area (for example 
(Bulto, 2020), with respect to a whole city). No earlier study 
reports measurements close to (<40 meter) open waste 
burning. Sivertsen (2006) reports different emission factors 
for PM2.5 and PM10, as well as 20-meter distance modelled PM10 
concentrations. Based on the ratio in emission factors, modelled 
PM2.5 concentrations are 622–1110 µg/m3. This corresponds with 
the measured concentration by the students, and the conclusion 
that open waste burning is a priority area.

PM2.5 measurements at different bus stations in two studies 
ranged from 49–223 µg/m3 (Cheng et al., 2011; Salama et 
al., 2017); the students’ measurements fall within this range. 
Considering PM2.5 concentrations at the bus station as a priority 
area is valid.

Two studies conducted close to smaller (<25kVA) gasoline 
generators measured 83 and 86 µg/m3 respectively on average 
(Giwa, Nwaokocha, & Samuel, 2019; Oguntoke & Adeyemi, 2017). 
Variation amongst the generators however ranged from 7.9–
309 µg/m3. Our finding of 52 µg/m3 close to a smaller gasoline 
generator corresponds to this range. One study measured 
concentrations close to diesel generators <500 kVA, of 221-492 
µg/m3 (Giwa, Nwaokocha, & Adeyemi, 2019). The students’ 
measurement result of 1409 µg/m3 close to a diesel generator is 
much higher. This might be because Giwa et al. started measuring 
only after the generators had run for 30 minutes (ignoring higher 
start-up concentrations), as well as that the upper limit of their 
instrument is 500 µg/m3. Setting the upper limit aside, we also 
witnessed higher start-up concentrations. Without the first 30 
minutes, the average measured concentration is 857 µg/m3 
instead of 1409 µg/m3. The rationale by Giwa et al. is that the 
bigger diesel generators generally run for lengthy periods of 
time, implying that the start-up period is not representative. This 
is not the case for the generator at which the students measured, 
which is only used during power cuts – which sometimes take 
only some minutes. Therefore, viewing pollution from a diesel 
generator (especially during start-up) as a priority area, based 
on the students’ measurement, is valid. 

CO measurements

Priority areas
Table 3 shows the measurement results for the scenarios with 
CO measurements, with mean values as well as maximum 
concentrations for time averages corresponding to the guideline 

values. Figure 2 shows all measured 15-minute, 30-minute and 
1-hour averages, relative to the respective guideline value.

Highest CO concentrations are measured in the kitchen areas 
of restaurants, and close to charcoal burning outside. From 
Figure 2 it can be observed that especially in the kitchen areas 
of restaurants (1B), exceedances of the guideline values are 
witnessed. However, also in the visitor’s area (1A), close to 
outside charcoal cooking (2D) and close to waste burning (3A) 
exceedances are measured. These scenarios can be considered 
priority areas for research.

Comparison with earlier studies
We are not aware of prior studies conducting CO measurements 
in restaurant kitchens or visitor areas that have a dominant 
use of biomass fuels. Within barbecue restaurants (charcoal 
barbecues in both kitchen and visitor area, but also gas 

Table 3: Mean, standard deviation (Std), and highest 15-min, 30-min and 
1-hour average, both as concentration and relative to their respective 
guideline value.

ID Scenario
Mean 
(Std)1

[µg/m3]

Highest 
15-min. 
[ppm]
(% of GV)

Highest 
30-min. 
[ppm]  
(% of GV)

Highest 
1-hr. 
[ppm]
(% of GV)

1A
1B
2A
2D
3A
4A

Visitor area
Kitchen area
Kitchen, wood fuel
Charcoal outside
Waste burning
Bus station

8.2 (7.0)
37 (40)
16 (9.9)
55
18 (16)
0.7

36 (41%)
336 (386%)
36 (42%)
120 (138%)
84 (97%)
2 (2%)

30 (58%)
236 (454%)
35 (68%)
88 (170%)
72 (138%)
1 (2%)

27 (102%)
177 (682%)
18 (69%)
-
13 (50%)
-

1.	 If there are multiple measurements for one scenario, the 
standard deviation is shown, based on the means of the different 
measurements.

Figure 2: Boxplot of all 15-minute, 30-minute and 1-hour averages 
measured by students, together with the highest value and the guideline 
value. Whiskers of the boxplots extend to the minimum and maximum 
value.
Note: The ‘Highest percentage’ value can be higher than the values in 
the boxplot. For example, in the boxplot, for one hour four 15-minute 
averages are shown, while for the highest value, the maximum out of a 
list of 45 rolling averages within that hour is selected.
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appliances are used), concentrations are measured of 12.3 
(range 2.6-22.5) and 21.1 (range 3.2-42.6) ppm CO, respectively 
(Zhang et al., 2017). While our measurements in visitor areas are 
comparable, measurements in the kitchen area are higher. This 
is to be expected due to the dominant use of biomass. It is valid 
to view these areas as priority areas.

No other studies were found with measurements of CO close to 
charcoal cooking outside, or close to (<40 meter) open waste 
burning. These areas should be viewed as priority areas, based 
on our measurement results in combination with no invalidation. 

CO2 measurements
Priority area
Table 4 shows the measurement results for the scenarios with 
CO2 measurements. Besides the mean, the highest 10-minute 
average is shown to give insight in the degree of variation. Figure 
3 shows each of the CO2 measurements in comparison with the 
guideline value.

Highest concentrations overall are measured in dormitories. 
The mean concentration in libraries, classrooms and restaurant 
did not exceed the guideline value of 1000 ppm, though the 
highest 10 minutes in libraries slightly exceeded this. Based 
on the averages of the individual measurements, all three 
measurements within the dormitories were above the guideline 
value, making this a priority area. 

Comparison with earlier studies
Jenkins (2018) reports measured CO2 concentrations ranging 

from 650-2900 ppm in student dormitories on an American 
college campus. The student measurements correspond with 
this range. It is valid to view dormitories as a priority area.

Discussion
Scenarios measured, but not appointed 
as priority area
For some of the scenarios, measurements by students did not 
reveal exceedances of the guideline value. For PM2.5, this was 
the case for measurements at an outdoor coffee ceremony 
(2C), the roadside (4C) and a smoking area (4E). As discussed 
in Table 2 note 2, concentrations were likely higher during the 
coffee ceremony measurements. There is however not another 
study with measurements at outdoor coffee ceremonies to 
validate the result, and it is at least logical that an outdoor 
coffee ceremony results in lower concentrations than indoor. 
While traffic close to Main Campus (the environment for the 
students in this study) is not dense, for other campuses closer 
to busier roads concentrations at roadside might be different. 
For smoking, two earlier studies found average concentrations 
of 124 and 131 µg/m3 (Brauer & Mannetje, 1998; Williams Jr et 
al., 2014), which is quite similar to the students’ measurement 
of 149 µg/m3. Whether the guideline value is exceeded or not of 
course depends on the assumed exposure duration of 1 hour – if 
this is longer, the GV can be exceeded. 

For CO, no exceedances were measured in household kitchens 
using biomass fuel (scenario 2A) and in the bus station (scenario 
4A). Earlier studies within household kitchens using biomass 
fuel report average concentrations of 7.9 (Clark et al., 2010), 7.8 
(Khalequzzaman et al., 2011), 22.3 (Leavey et al., 2015) and 7.5 
(Mukhopadhyay et al., 2012) ppm, which is in the same order 
of magnitude to the student measurement average of 16 ppm, 
suggesting that the student measurements are not uncommonly 
low. In those studies, however, a large variation was witnessed, 
with certainly also some exceedances of the guideline values. 
More importantly, however, most studies also measure PM2.5 
in such circumstances, with much higher exceedances of the 
guideline value. Household kitchen areas with biomass fuel 
therefore still might be a priority area, even though it did not 
follow from this study. As for CO concentrations in a bus station, 
Salama et al. (2017) report concentrations of 8.5 ppm on average 
(range 6.5-9.8 ppm). While this is higher than the concentration 
measured by students, it supports the finding that this is not a 
priority area.

For CO2, no exceedances were measured in libraries, 
classrooms, and restaurants. No prior work can be found on CO2 
measurements in libraries, but our preliminary measurement 
presents no special cause for alarm. For classrooms, Soomro et 
al. (2019) report several measurement results ranging from 478-
4093 ppm. The student measurements at 575 ppm fall towards 
the low end of this range, but not outside it. For restaurants, 
Zhang et al. (2017) reports concentrations of 400-890 ppm, while 
Akbar-Khanzadeh et al. (2002) found concentrations of 618-1835 

Table 4: Mean, standard deviation (Std) and highest 10-minute average 
for CO2 measurements. 

ID Scenario Mean (Std) [ppm] Highest 10 min. [ppm]

5A
5B
5C
5D

Library
Dormitory
Classroom
Restaurant

740 (185)
1753 (584)
575 (36)
560 (41)

1389
4119
673
884

Figure 3: Average concentrations for all CO2 measurements, in 
comparison with the guideline value.
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ppm. Again, student measurements of (on average) 560 ppm 
fall towards the lower end of the range found in these studies 
combined.

Missing scenarios
Although our study presents a range of first-time measures 
and replicates others, it does not represent an exhaustive 
sampling. For one thing, for some scenarios either PM2.5 or CO 
was measured, while both components might be relevant. CO 
values close to a coffee ceremony have never been subject of a 
study before. As for generators, an earlier study close to gasoline 
generators found CO concentrations of 141-4167 ppm (Oguntoke 
& Adeyemi, 2017), while a study close to diesel generators 
found concentrations of 19-198 ppm (Giwa, Nwaokocha, & 
Adeyemi, 2019). CO measurements close to generators might, 
therefore, certainly be relevant. Similarly, with high CO values 
in restaurant kitchens, high PM2.5 values can be expected, and 
PM2.5 concentration measurements in household kitchens with 
biomass fuel or close to charcoal cooking outside are also 
relevant.

Furthermore, there might be scenarios entirely lacking. Given 
the embedding of this project in coursework on campus, 
students privileged scenarios to which they had easy access, 
such as the campus and its surroundings. Students not based on 
campus or still living at their family homes are exposed to other 
scenarios in which measuring air quality would be relevant. 
Here we see opportunities for the crowdsourcing methods we 
have pioneered. Many of the measurement devices are portable 
and easy to operate, and so could feasibly be carried into a wider 
range of scenarios. Still, the priority areas identified in this study 
represent scenarios in which many students commonly find 
themselves, and they therefore provide ample room for further 
research. 

This leads to a recommendation. Future student science 
projects might challenge students to select scenarios different 
from the ones that have been part of this study. Students can 
conduct preliminary measurements in similar scenarios for 
the component that was not yet measured (such as CO during 
a coffee ceremony), or they might come up with entirely new 
scenarios.

Concentration and exposure
While students have measured concentrations, duration of 
exposure is another key variable determining health effects. 
The conditions of our study, in which we privileged short-term 
measurements in a wide range of localities, did not allow us to 
systematically investigate duration of exposure. For PM2.5, this 
study estimated a likely duration. For a better quantification of 
exposure and a thorough investigation of related health effects, 
specific attention needs to be paid to the duration of exposure 
for different people across a range of circumstances. Even 
without a systematic measure of duration of exposure, however, 
it is already clear that several of the priority areas are likely to 
cumulatively present a likelihood of adverse health effects. An 
individual’s exposure is usually not incurred in one individual 

setting but results from a sequence of settings. Students might 
encounter open waste burning, a running generator, a coffee 
ceremony, and biomass cooking, all within the same day. For 
a more thorough evaluation of exposure, it is recommended to 
collect additional metadata on duration and frequency of the 
circumstances under which people are exposed.

Conclusion
If air pollution represents one of the biggest current threats to 
human health, maximizing opportunities for measurements in a 
wide range of human environments is of paramount importance. 
Here we have presented the use of a Student Science (citizen 
science by students) approach towards this goal, with novel 
empirical and methodological contributions. Empirically, we 
report a unique set of first-time measurements of PM2.5, CO and 
CO2 in a range of settings that are woefully understudied despite 
being a common part of people’s surroundings worldwide. Our 
PM2.5 measurements showed a likely exceedance of the guideline 
value during inside coffee ceremonies, close to open waste 
burning, at a bus station, and close to a diesel generator. For CO, 
extreme values in excess of guideline values were measured in 
restaurant kitchens as well as in restaurants’ visitor areas, close 
to outdoor charcoal cooking, and close to open waste burning. 
For CO2, values higher than the guideline value were measured 
in dormitories. Collectively, these settings, several of which are 
reported here for the first time, can be considered priority areas 
for further research.

Methodologically, our study has illustrated the benefits of 
the Student Science approach by crowdsourcing air quality 
measurements in a participatory research setting. Such forms 
of citizen science may provide partial solutions to structural 
inequalities in resources that dictate research interests and may 
bring large-scale collection of key measurements within reach. 
The Student Science approach also has the twin benefits of 
furthering students’ education while producing measurements 
of high scientific and societal value. 
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