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Abstract: With rapid urbanization, hazardous environmental exposures such as air, noise, plastic,
soil and water pollution have emerged as a major threat to urban health. Recent studies show that
9 out of 10 people worldwide breathe contaminated air contributing to over 7 million premature
deaths annually. Internet of Things (IoT) and Artificial Intelligence (Al)-based environmental sensing
and modelling systems have potential for contributing low-cost and effective solutions by providing
timely data and insights to inform mitigation and management actions. While low and middle-
income countries are among those most affected by environmental health risks, the appropriateness
and deployment of IoT and Al systems in low-resource settings is least understood. Motivated by
this knowledge gap, this paper presents a design space for a custom environmental sensing and
management system designed and developed to fill the data gaps in low-resource urban settings with
a particular focus on African cities. The paper presents the AirQo system, which is the first instance of
the design space requirements. The AirQo system includes: (1) autonomous AirQo sensors designed
and customised to be deployed in resource constrained environments (2) a distributed sensor network
that includes over 120 static and mobile nodes for air quality sensing (3) AirQo network manager
tool for tracking and management of installation and maintenance of nodes, (4) AirQo platform
that provides calibration, data access and analytics tools to support usage among policy makers
and citizens. Case studies from African cities that are using the data and insights for education,
awareness and policy are presented. The paper provides a template for designing and deploying a
technology-driven solution for cities in low resource settings.

Keywords: low-cost sensors; distributed urban air quality system; environmental sensing;
smart city solutions; Cyber-physical systems; Internet of Things; Al for social good

1. Introduction

With rapid urbanization in Sub-Saharan Africa (SSA), hazardous environmental ex-
posures such as air, noise and plastic pollution have emerged as a major threat to cities
to become prosperous and resilient. People living in cities are in particular at a greater
risk of exposure to unhealthy levels of air pollution. Recent World Health Organisation
(WHO) report indicates that 99 percent of the global population breathe polluted air [1].
Furthermore, air pollution exposure is linked to over 7 million deaths per year worldwide,
the majority happen in low- and middle-income countries [1].

Despite the greater risk associated with the air pollution exposures in urban spaces,
there are scarcity of data on the scale and magnitude of air pollution in many cities in
low- and middle-income countries. Traditional air pollution measurement approaches
rely on expensive ground monitoring stations that cost thousands of dollars to set up and
maintain [2—4]. In this paper, we explore the potential of emerging technologies such as
low-cost air quality sensing, Internet of Things (IoT), and artificial intelligence as novel
approaches to improving the monitoring and data access and their contribution to building
sustainable and resilient urban spaces with a focus on low-resource settings.
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Smart technology solutions have potential for accelerating actions that can be taken
to tackle environmental and public health challenges in urban spaces. When harnessed
appropriately smart city solutions can help track more precisely the magnitude and scale
of environment exposures as well as track the progress and inform actions being taken in
addressing the challenges and contribute to sustainable cities [5-7].

However, deployment and adoption of smart city solutions including Internet of
Things, machine learning and artificial intelligence are less harnessed in many developing
cities. Deployment and adoption of smart city solutions in many cities in low- and middle-
income countries is a complex endeavour and is often impeded by a number of contextual
challenges such as infrastructure bottlenecks, environmental conditions, incompatibility
of the technology solutions and the city needs, cost and capacity. These factors negatively
affect the deployment and implementation systems and technologies that are conceived
for other contexts because the assumptions may not hold. For example, an environmental
sensing system should take into account the available data communication and energy
infrastructure, otherwise data completeness and device up-time can affect the reliability of
the system.

Distributed low-cost air quality sensors have recently gained momentum as a comple-
mentary approach to the traditional air quality measurement instruments [8,9]. Datasets
from low-cost sensor networks provide opportunity to measure at a larger spatial scale
and can help inform understanding of environmental trends at a higher resolution. Tradi-
tional instruments have limited spatial coverage and heterogeneity and are inadequate for
understanding air pollution exposures at individual and community level [9]. The limita-
tions of traditional air quality monitoring have inspired the emergency of low-cost sensor
approaches. Low-cost air quality sensors are leading to a paradigm shift in air quality
monitoring enabling synergetic efforts between communities and the government to tackle
air pollution in a city. Snyder et al. [8] predicted this paradigm, while Labzovskii et al. [10]
demonstrated this shift in a practical case study of a decentralised urban air quality moni-
toring system. Other studies and systems that have explored for low-cost air monitoring
approaches include CAIRSENSE [11], DYNAMAP [12], SentinAir [13], HazeWatch [9],
MAQUMON [14], CommonSense [15], and APS [16]. The majority of these systems fo-
cus on evaluation of specific technical aspects of low-cost sensors like quality assurance,
performance and feasibility.

In this paper, we present the AirQo system, an air quality smart sensing and manage-
ment system that has been conceived from the ground-up with the understanding of the
unique and contextual needs of African cities to generate evidence and facilitate actions for
improving air quality management in urban spaces. Low-resource settings are typically
characterised by many constraints ranging from limited capacity and fewer trained person-
nel, limited infrastructure for power, data transmission, limited funding, fewer or absence
of high-end equipment, among others. The AirQo system has been deployed in major
cities in East Africa and is being scaled to more cities in the African region. The digital
air quality platforms are being used to facilitate citizen awareness on air quality issues,
provide access to data and evidence for decision makers and used for skilling and training
of students and researchers from several disciplines including Engineering, Computer
Science, Public Health, among others. To our knowledge the AirQo system is the largest
sensing network in production low-resource settings and thus uncovers new design and
deployment requirements. Moreover, the AirQo system is linked to actions that can be
taken by communities and city leaders.

2. The Design Space for an Urban Air Sensing System

This section presents the design space for an air quality monitoring and management
system for cities in emerging economies and low-resource settings. Urban spaces in low-
resource settings have unique characteristics and challenges related to diverse technology
and power infrastructure and access, informal and upscale settlements, population density,
capacity, transport systems and varying levels of pollution profiles and diverse sources.
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Taken together these challenges and characteristics pose new design requirements for
a smart city solution for environmental issues like air and noise pollution. The design
space is informed by experiences from an iterative process of design, development and
implementation of AirQo [2,17], one of Africa’s largest technology-driven air quality mon-
itoring and management system for urban spaces in low-resource settings. The design
and development of the AirQo system has undergone a series of iterations and evolution
following agile development methodology and practices of user-centered design [18,19].
Figure 1 presents an overview of the air quality sensing and management system. The key
stakeholders and users being citizens and communities in African cities, decision makers
and authorities, and researchers in local universities embedded in these cities. In Figure 1
the arrows illustrate the interaction among the different stakeholders in the ecosystem. The
local University and innovators that are embedded in the city have the understanding of
the technology as well as the local context and thus are well positioned to translate the
needs of the city and communities into products. Citizens and communities are also critical
in the product development and engineering cycle through co-creation and co-design.
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into solution design
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Figure 1. A conceptual design of an air quality sensing and management system urban environments.

2.1. Design Requirements for an Urban Air Quality Sensing System for Low Resource Settings

Throughout the design and development process, we identified and documented key
design requirements for an effective air quality sensing and management systems aimed at
having a direct impact to the United Nations Sustainable Development Goals of reducing
emissions in cities as well as their impacts on human health. Table 1 provides an outline
of the key design requirements (DR) for a smart city solution for air quality sensing and
management in a low-resource urban setting. The design considerations are presented
as a series of steps rather than the order of importance. The DRs range from air quality
monitoring network design and setup, to deployment options, data transmission, network
operations and adaptation to the deployment conditions, quality assurance of the data and
network operations, engagement of the communities, and linking the data and digital tools
to action.
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Table 1. Design considerations for an urban air quality sensing system in a low-resource setting.

DR  Design Consideration

DR1 Low-cost and high resolution air quality sensing

DR2 Designing for portability and flexible deployment options
DR3  Flexible power and communication options

DR4 Resilience to local environmental conditions

DR5 Embedded quality assurance and calibration methods
DR6 Community-oriented and active engagements

DR7 Digital platforms to drive action and policy

2.1.1. DR1: Low-Cost and High Resolution Air Quality Sensing

Traditional air quality monitoring relies on reference grade monitors that have high
precision and accuracy, for example, beta attenuation monitor (BAM) and tapered element
oscillating microbalance (TEOM) [20]. However, these are expensive to setup [4,13,21],
require specialised technical capacity to maintain, and require stable infrastructure for
power connectivity and data transmission. For example, setup of a reference grade monitor
in an African city context may require extension of electricity grid and data communication
network infrastructure. Outdoor deployment for a reference grade monitor also requires
consideration of physical security to minimise the risk of vandalism and loss. This can limit
the choice of deployment sites to only those where security is guaranteed and there is access
to power grid and communication infrastructure. Furthermore, sites with existing power
and communication infrastructure may not necessarily be representative of the community,
and so installing monitors in those locations can result in bias in the measurements. These
challenges make traditional air quality sensing systems impractical for many settings in
low-resource settings, particularly African urban spaces. Also because of the high cost of
setup and maintenance, installation of reference grade monitors at a higher density is often
not feasible even in the rich-resource settings.

The need for high resolution sensing is also motivated by the high variability of
pollution profiles in urban spaces. Pollution profiles in African urban spaces can vary
greatly due to the localised pollution drivers such as cooking and waste burning [2,22]. As
such an air quality sensing system designed for African urban spaces should be deployed at
high resolution to achieve hyper-local air quality monitoring. High resolution monitoring
can also be used to promote awareness about air pollution issues and its effects [23]. For
high resolution monitoring to be achieved it requires that the cost of monitoring devices
and network setup and maintenance be considerably affordable. The exact resolution of an
air quality sensing system should be informed by a scoping exercise to meet the monitoring
goals. Sensor placement optimisation approaches should be explored to ensure that the air
quality sensing network achieves the monitoring goals while at the same time optimising
the cost of monitoring.

2.1.2. DR2: Designing for Portability and Flexible Deployment Options

Air quality sensing devices should be designed to meet the physical installation
requirements in low-resource urban spaces. It should be possible to mount devices on the
available infrastructure, including streetlight poles, schools, retail shops, trees, temporary
structures, homes, or custom poles. Devices should be easy to move from location to
location to meet the emerging needs, for example, moving a monitor to a new location of
interest in the cases where there might be limited sensors or changing the device location
because the device host has changed premises. The air sensors should also be designed to
allow for mounting on mobile objects to allow for wide sensing with fewer monitors. Mobile
sensing has been explored previously as a means to increase coverage of monitoring [24,25].
Particularly, in the African urban spaces there is potential to leverage mobile monitoring, for
example, the use motorcycle taxis and citizens to reach wider coverage of sensing with fewer
resources. The deployment needs in these contexts may vary location by location, requiring
retrofitting (i.e., customisation to fit the deployment environments) using locally available
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materials. Whenever possible local technicians can be used to support fabrication of custom
mounts for the locations in their community to ensure context-specific deployment and
installation needs. This can greatly reduce the cost of shipping and transporting installation
and deployment materials and also promotes local-buy-in and ownership.

2.1.3. DR3: Flexible Power and Communication Options

An environment sensing system designed for deployment in urban settings in many
African countries needs to take into account the varying power and communication chal-
lenges. Access to the main electricity grid is not always guaranteed and can also be
characterised by power cuts [26]. The sensing devices need to be designed to allow for flex-
ible power options, for example, solar and main grid [27]. Devices need to have optimised
battery storage and usage to allow for operation in the case of power cuts or absence of
solar energy in the night hours. Incentive mechanisms need to be explored for cases where
devices are powered by the main electricity grid owned by the private owners. Potential
incentives include education and awareness, recognition of the community members as
key stakeholders or compensation to the power costs. In the case of mobile monitoring,
specialised power charging modules need to be designed. These requirements are unique
to the urban spaces in low-resource settings. For example, when deploying air quality
sensors on motorcycles, we find that many lack well-maintained functional batteries and
thus the charging system must be designed around the alternator instead of battery or
both. Motorcycle taxis often take very short trips and thus the charging system should be
designed to address these unique requirements.

Autonomous data transmission is necessary for environmental sensing systems to
minimise the cost and resources required for manual data collection. The Internet commu-
nication infrastructure in low-resource and emerging urban spaces is often characterised
by unreliable connectivity. Slow and intermittent communications are the rule rather than
an exception. Wireless connectivity is not practical and alternative communication options
need to be explored. Cellular connectivity is present in many African urban spaces includ-
ing rural setups and thus 2G cellular communication should be included as default option
for these settings. To minimise data loss local storage and bulk data transmission options
should also be key design requirements for smart environmental sensing systems in these
contexts.

2.1.4. DR4: Resilience to Local Environmental Conditions

In African urban spaces, air quality sensing systems are deployed in outdoor settings
characterised by high levels of pollution concentrations not common in the northern
hemisphere and other settings [2,28,29]. High pollution levels have been found to affect the
performance of low-cost sensors [30,31]. These environments may also be characterised by
extreme tropical weather conditions and high levels of dust from unpaved roads. These
conditions tend to affect the performance of air quality sensing systems and thus the design
and setup needs to take into consideration these requirements. The air filters and inlets
for these settings need to be designed to minimise the environmental impacts from dust,
weather and insect infiltration. However, such design considerations should not affect the
effectiveness of the sensors. Due to high levels of humidity specialised heating components
may need to be designed. Jayaratne et al. [32] investigated the effect of humidity on the
performance of low-cost air particle sensors. The operating outdoor conditions such as
temperature ranges for the internal and external components should also be considered.
Reference grade monitors or devices designed for other settings may need to be adapted to
work in these unique conditions. Devices deployed in these settings will require regular
preventive maintenance and therefore such devices need to be designed to allow for easy
maintenance.
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2.1.5. DR5: Embedded Quality Assurance and Calibration Methods

Environmental sensing systems deployed in outdoor urban spaces require mechanisms
to ensure reliability, availability and quality of the data. An air quality sensor network can-
not be entirely left to the community to maintain and do quality assurance. Therefore, a key
consideration for low-cost sensor networks is calibration, in order to improve their accuracy
and reliability [33-36]. In addition, the sensor network requires regular maintenance. In
addition, local technical capacity needs to be built to ensure sustainability and reduced
maintenance cost of sensors. This could be done through institutions such as universities,
vocational schools, or private technicians within the areas of deployment. Therefore, these
should be embedded in the design of the air quality sensing and management systems
throughout the development and implementation processes. At the sensor development
stage, in-lab analysis and co-location is necessary to ensure that all sensors behave the
same way and are consistent. After production in-field comparison should also be consid-
ered to understand how the outdoor environment affects the operation of the sensors. A
co-location in the outdoor environments should be considered as part of the calibration
and field comparison. In the case of limited access to reference monitors, datasets from
environments with similar contexts can be considered. Also mobile co-location can be
considered where a device is transported to a nearby reference monitor, for example, by
use of motorcycle taxis without having a fixed installation.

2.1.6. DR6: Community-Oriented and Active Engagements

Citizens and community members should have an active role in the design and imple-
mentation of a smart city sensing system for it to be sustainable and achieve uptake targets.
Citizens can give input for example through co-design workshops on how air pollution
affects them and desired options to consume data and hardware products. Citizens can
host devices on their premises and provide device security. Citizens can host air quality
sensors on their premises or their motorcycle in the case of mobile monitoring. Hosting
of the sensor device should involve training and education on the purpose and goals of
the air quality sensing system and how they benefit. When empowered, hosts of a sensor
network can serve as champions in their communities and advocates for cleaner air. This
initial engagement can also help to create demand for the resulting data and insights from
the collected measurements. Where sensors are placed in schools, the air quality sensing
system can be used to create awareness while data and sensors can be used in teaching
mathematics and science subjects. Retention and sustained active engagement may require
mechanism design approaches for example through incentives and rewards and analysis
of barriers to participation [37]. In addition, communities may serve as a supplementary
“sensor” of the environment, providing contextual metadata that this not trivial to collect
using autonomous sensors. Members of the public can use their mobile phones to capture
pictures and meta-data of air pollution events in their neighborhoods whenever high spikes
are observed from the air quality sensing system. This can increase awareness of the
causes of the pollution in the community. The additional datasets can be used to improve
modelling and prediction of pollution events. Prediction and calibration models tend to
perform poorly with the pollution spikes caused by local events, for example, spontaneous
waste burning events are difficult to predict. The collection of additional metadata from
community members can be used to enhance performance and accuracy of the prediction
model for localised pollution events.

2.1.7. DR7: Digital Platforms to Drive Action and Policy

Environmental sensing systems collect huge amounts of datasets, which are in raw for-
mats and are not of utility to the citizens or decision makers. Custom digital platforms need
to be designed to increase timely access to air quality information and also link the data to
action and facilitate data-driven decision making for leaders, communities, and citizens [38—
40]. The data needs vary from a stakeholder group to another and thus segmentation
of the potential users is necessary. For example, city urban planning and environmental
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managers may require trends and insights of variations of air quality in space and time,
region-by-region comparison that can be best delivered through a web-based analytics
platform. School teachers and parents require timely and near-real time information on air
quality around schools or homes to understand the pollution exposures of their children.
Joggers and cyclists require real-time information to find the cleanest route to be delivered
to them via a mobile application on their smartwatch or smartphone. Restaurants and ho-
tels may require API access to embedded the air quality information in their existing digital
products. The access channels should also be taken into consideration to increase access
and offer personalised air quality information to different user segments [41]. For example,
people without smartphones could be reached through leaders in their communities or
alternative communication channels such as campaigns, SMS, and radio.

3. Demonstration: The AirQo System in Selected African Cities

The above design space requirements have informed and inspired the design and
implementation of the AirQo system. The AirQo system is a large-scale custom air quality
sensing and management solution designed to be responsive to the needs and requirements
of urban spaces in low-source settings. The AirQo system adheres to the design space
requirements described above DR1-DR?7. Initiated in 2015, the AirQo system has been
implemented in major cities in Uganda, East Africa including: (1) Kampala, which is
Uganda’s largest and capital city with a population of over 1.6 million people and (2) Jinja,
which is a city in Eastern Uganda with a population of over 0.3 million people and, (3) Fort
Portal, a city with a population of over 0.06 million people and located in the South Western
region of the country [42]. The AirQo system includes a network of over 120 sensors. The
remainder of this section presents the key components of the AirQo system as the first
instance of the design space for an air quality monitoring and management system for
urban spaces in low-resource settings.

3.1. The AirQo Monitor

The AirQo monitor is a custom air quality monitoring device designed to be responsive
to design space requirements: DR1: Low-cost and high resolution air quality sensing; DR2:
Portability and flexible deployment options; DR3: Flexible power and communication options; and
DR4 Resilience to local environmental conditions. One of the primary air quality indicators
defined by the WHO is particulate matter due to the well studied impacts on health.
AirQo devices measure both particulate matter PM; 5 and particulate matter PM;o with
an effective range of 0-500 pg/m?3. The device also measures other variables necessary
for modelling and analysis such as longitude, latitude, internal (within the device) and
external air temperature, relative humidity, and atmospheric pressure. The AirQo device
is designed to support flexible power options for solar energy, mains, and capability to
change from other available sources, for example, motorcycle alternator. Figure 2 shows the
AirQo device. The AirQo device sensors use laser scattering technique for the measurement
of particle size and concentration for PMj 5 and PM; in pg/ m3. Each device includes dual
PMS5003 (https:/ /www.plantower.com/en/products_33/74.html, accessed on 4 January
2023) sensors for measurement of PM; 5 and PM( for quality assurance and redundancy
purposes. The acceptable threshold of in device dual sensor correlation is >0.99 and
R? > 0.98. Sensors can be flagged for maintenance and/or corrective actions can be applied
if correlation and R? values are out range of the set threshold. AirQo devices use cloud-
based machine learning methods for calibration and improve the accuracy of measurements
for PMy 5 and PMyq to the RMSE of 7.2 pg/m?> and 7.9 pg/m?3, respectively. The details of
the evaluation of the accuracy and calibration of AirQo devices are presented in [33,43].

Dust from unpaved roads is one of the major contributors to particulate matter in
many African urban spaces. However, dust deposition on sensors can lead to degradation.
Resilience to degradation from dust and other outdoor conditions such as insect infesta-
tions is achieved through device design options including the choice of orientation of the
sensors, air flow management, casing venting placement and alignment. The orientation of


https://www.plantower.com/en/products_33/74.html

Atmosphere 2023, 14, 354

8 of 17

sensors and other components is optimized to minimize dust deposition on critical sensor
components such as laser and photodiode. The device is designed to minimize air flow
looping by separating the dual insets from dual outset with the sensing region. The casing
venting is designed to be larger than sensor venting to reduce resistance in airflow. This
is taken into account for both on the inset venting and outset venting. Combined sensor
flow rate is 0.2 L/min. The casing venting placement is critical to further minimize dust
deposition within the sensors. The design of the AirQo device also considers casing venting
alignment versus the sensor venting. We also take a fine height offset from the casing
venting to the sensor venting. The internal particle sensors have a mean time to failure
(MTTF) of 3 years.

(@) (b)

Figure 2. A design of a portable low-cost air quality monitor. (a) AirQo monitor. (b) AirQo solar mount.

The 3D printed enclosures of the AirQo devices have gone through iterations of
refinements, incorporating feedback from the communities, users and as well as the above
portability and deployment requirements. For the mobile monitoring a custom mounting
was designed with the local welding community to match the available installation options
on the motorcycle. The position of the monitoring device on the motorcycle is aimed
at understanding the exposure of the rider and passenger while minimising the direct
emissions from the bike’s tailpipe.

The data from the AirQo monitor is transmitted in near real-time to the cloud-based
air quality data store. Each AirQo sensor transmits data on average every 90 s. Sensors can
be optimised to transmit data in bulk where time sensitive data transmission is not a critical
requirement. Bulk data transmission also improves the battery life. For each data record, the
location of the pollution measurement is transmitted along with other secondary data such
as battery levels used for network monitoring and maintenance. The monitor is designed to
transmit data over the GSM network. The monitor relies on TCP/HTTP/HTTPS protocols
to transfer and receive data accordingly. In addition, the AirQo monitor provides an option
for local data storage. The AirQo monitor periodically writes data to a Micro SD card. The
raw data is periodically subjected to the calibration system that is introduced in Section 3.3
and discussed in detail in [33]. The AirQo monitor is designed to provide a high resolution
dataset over a 24 h period. To allow for this the monitor can be powered off mains and
solar. The AirQo monitor has power input of 6V 1A. The consideration for the solar setup
includes 2P 3.7V 4AH battery and 6V 1.25A panel.

3.2. The AirQo Network

The AirQo monitors are deployed in selected urban spaces to form a high resolution
air monitoring network. The objectives of the AirQo system include: (1) collection of high
resolution (spatial and temporal at average of 90 s) data on the scale and magnitude of
air pollution, (2) improving accuracy of data from low-cost sensors through calibration,
(3) building a set of digital air quality tools and platforms to provide insights and evidence
for decision making (4) using the data and platform to raise awareness and inform actions
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to mitigate air pollution. In the AirQo system, monitors are mounted on static or mobile
objects including motorcycle taxis (Figure 3). Mobile monitoring is important to study
pollution exposures and variations in the unique transport systems used in African urban
spaces. For example, mounting of AirQo devices on motorcycle taxis (or boda-bodas)
has allowed for understanding of exposures to emissions for the riders and passengers
while at the same time providing high spatial coverage with fewer resources. To fulfil
the requirement of DR1 Low-cost and high resolution air quality sensing, there is need to
ensure that the air monitoring system is optimised for spatial resolution as well as the
cost of setting up the network. From the experience of deploying AirQo sensors in cities
a common question is “How many devices are sufficient for a given city?”. There is a risk of
oversampling leading to higher cost or under-sampling leading to under-representation of
the city. For the data to be useful and help drive localised actions air quality, there is need
for a high resolution and a long term monitoring. This is important because it provides
a representation of the state of air quality in a given geographical area of a city while
adhering to the design requirement of DR1 Low-cost and high resolution air quality sensing.

.|
[

I

i
o

d

I

(b)
Figure 3. Flexible deployment options for high resolution air quality sensing. (a) Static pole deploy-

ment. (b) Mobile deployment.

To this end, the AirQo system includes a sensor placement model that determines
the optimal number of clusters for deployment in a given geographical area [44]. The
implementation of the sensor placement should be incremental in nature to allow for
additional of new sensing devices depending on the need and available resources. The
model uses a range of datasets and features including the geographical boundaries at the
parish level (for the case of Ugandan cities), population density, household density, waste
management practices in a given area, vegetation cover, km of road, power and fuel type.
The output of the model is clusters of parishes with similar characteristics. Parishes in the
same cluster are likely to have similar measurements and trends. The number of clusters is
optimized to the available number of sensors. The sensor placement model is incorporated
and deployed in the AirQo platform [44].

Figure 4 shows the output of the sensor placement model as applied to a selected
urban city in Uganda. The colours represent city regions which are clustered as having
similar properties (e.g., greenness and road density) while the black color dots in Figure 4a
represent proposed sites for the available number of sensors. As new sensors are acquired
the model can suggest new sites in regions with fewer installations as shown by the red
color dots in Figure 4b.
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@) (b)

Figure 4. Proposed installation sites that are recommended by the sensor placement model. (a) Initial

sensor placement. (b) Refined sensor placement.

The automated placement is followed by the physical on ground validation of the
suggested installation points to meet the need of practicability and feasibility. For example,
the suggested location needs to meet the physical security and accessibility needs. Upon
confirmation of the site, metadata about the site is collected to feed into the data models for
the digital platforms. Examples of metadata include potential sources of air pollution in
the area, distance from the road, installation height, contacts of the device host, and the
power option selected.

3.3. Data Calibration and Quality Assurance

In order to meet the design space requirement DR5: Embedded quality assurance and
calibration methods the AirQo systems has regular data calibration based machine learning
approaches such as random forest, lasso regression model, and gradient boosting for
calibration [45]. The calibration in the AirQo system is based on co-location data of
low-cost monitors and reference grade monitors (BAM1022) for PM;5 and PMjy. The
calibration model is developed using machine learning methods based on datasets from
field co-locations. The key features considered for the model include hourly average
for PM; 5 and PM;, atmospheric temperature, and relative humidity. The AirQo sensor
evaluation and calibration process is presented in [33]. The AirQo calibration model has
also been packaged to support third-party low-cost sensor calibration in the AirQalibrate
product (https:/ /airqalibrate.airqo.net/, accessed on 4 January 2023). Figure 5 shows the
in-field comparison of data from the low-cost sensor network and the reference grade
monitor for PM; 5 deployed in an urban setting in Kampala, Uganda. Before calibration
the correlation and RMSE between low-cost sensors and reference monitor are 0.9 and
18.58 ug/m?, respectively (Figure 5a). After application of the calibration algorithm the
correlation and RMSE improved to 0.96 and 7.22 pg/m? respectively for PM, 5 (Figure 5b).
The calibration for PM; resulted in improved RMSE from 13.4 pg/ m’to 7.9 ug/ m? using
lasso regression models (Figure 6b) [33]. These calibration tools and methods should be
part of the data pipeline and in the digital platforms to facilitate continuous data calibration
and quality assurance. A long term calibrated dataset from the AirQo network is described
and available in [46].
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Figure 5. Calibration of low-cost air quality sensors using machine learning methods. (a) In-field
comparison of AirQo low-cost sensors and reference grade before calibration. (b) PM; 5 Calibrated
low-cost sensor data vs reference grade monitor.
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Figure 6. Calibration of PM1y low-cost air quality sensors using machine learning methods. (a) In-field
comparison of AirQo low-cost sensors and reference grade before calibration for PM1g. (b) PMjg
Calibrated low-cost sensor data vs reference grade monitor.
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3.4. Digital Air Quality Platforms

In order to meet the design space requirement of DR?7: digital platforms to drive action
and policy, the AirQo systems has implemented a set of digital tools and platforms that fuse
and extract insights from the various datasets in the data store. The AirQo digital platforms
are designed to be extensible to allow for plugging-in of new datasets from other sensor
networks as they become available. The design of the AirQo digital platforms follows the
micro-service architecture, which allows for separation of concerns and functionalities into
independent modules that exchange data through application programming interfaces
(APIs). The raw data from the sensor network is sent in a cloud-based IoT data store
for pre-processing that is fed into the calibration model. The resulting calibrated dataset
is maintained in a separate datastore that is accessible via APIs for the different micro-
services. Micro-services define specific functionality for example the AirQo platform for
data access and analytics, the AirQo mobile app for presentation of air quality information
in historical, location-based and near-real-time, and the network management tool for
network monitoring and support. The digital tools consume the same data model but may
process and render the data differently, similar to the model-view-controller model.

The following sections describe the key modules of the digital tools in the AirQo system.

3.4.1. The AirQo Platform

The AirQo platform (https:/ /platform.airqo.net, accessed on 4 January 2023) targets
decision makers (city authorities, environmental officers, politicians), researchers and
advanced users. Figure 7 shows the AirQo digital analytics platform. The platform
tool was developed in consultation with the city authorities from the selected cities in
East Africa. The platform provides the ability to view calibrated datasets in different
forms. It provides default analytics such as average pollution measurements clustered
by locations within a given geographical area of a city. It also incorporates spatial and
temporal insights as well as prediction in time and space for locations of interest. Users also
have the ability to create custom charts for given locations, date ranges, and pollutants of
interest. For advanced users and researchers the platform provides capability to download
calibrated datasets in csv format for external data analysis and modelling. Through the
platform, advanced users can request access to the AirQo API for data extraction using a
programming language of choice.

-® AIRQO 17-03-2022 18:26:28 @ 0 =

Engineer

. "0 "0 “0 ~O0

Mean Daily PM 2.5 Over the Past 28 Days PM 2.5 Exceedances Over the Past 28 Days Based on AQ!

[ overview
0 Mg

8§ pashboard

O Export

Q@ Locate I I

A Metwork Monitaring > ;

+ Device Registry L 5 “ H
W . - rip™ > e R

@ Site Registry

&% Users

@ Candidates
B Account
£ settings

Figure 7. Digital platforms providing trends and analysis of air quality for diverse locations in a city.
The tool targets decision makers in a city to gain insights on how different parts of the city compare
over a specified period of time.
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3.4.2. The AirQo Mobile App

The air quality mobile app is designed and tailored for use by members of the public
including parents, teachers, environmental champions, and community leaders. The mobile
app (Figure 8) provides users options to view air quality insights per location of interest
for the current time and forecast. The mobile app provides timely air quality information
and has custom actions for users aimed at raising awareness and improving air quality.
For example, depending on the advisory the user is provided with the actions they can
do to minimise exposure or contribute to improving air quality in their space. The AirQo
mobile app is available at Google play store and Apple App store for Android OS and
iOS, respectively.

i) Q
Good afternoon Engineer

Favorites e For You

i

Jinja Main Street

Uganda °

m View More Insights >

Share Favorite

Bukikali

\ "Rwanda

Home

(@) (b)

Figure 8. A snapshot of the air quality data insights from the AirQo mobile app. The data is colored
with advisory to inform decision making to minimise or reduce exposure to air pollution. Users have
an option to favorite specific sites of interest for quick access. (a) AirQo mobile app targeting the
public users. (b) Visualisation of AirQo sites across Uganda.

3.4.3. The AirQo Network Manager

As the air quality monitoring network scales, there is a need for a tool to track and
manage devices, for example, sensors that are due for maintenance or not operating as
expected. To address this need, the AirQo system includes a network management tool.
The AirQo network manager provides capabilities to register new devices that are ready
for deployment, record metadata on the site of installation, details about the sensor, host
of the device, and the maintenance history. The network manager tool provides network-
wide statistics and analysis that are necessary for management of a city air quality sensor
network. The tool provides reports on the network up-time, individual sensor maintenance
history, battery life and other parameters necessary for troubleshooting common sensor
and network failures. The key target users of the tool are network technicians and people
responsible for overseeing an urban air quality sensing system.

3.5. Linking Data and Technology to Action

One of the key objectives of the AirQo system is to translate the data and insights
into action that can impact on improving air quality in urban spaces (DR7: digital platforms
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to drive action and policy). This is being achieved through amplifying access to the digital
tools presented above as well deliberate offline actions that use data. The strategies used
include citizen education, awareness, and policy engagements. Citizen education and
awareness are achieved through use of data to conduct annual air quality awareness week
with stakeholders from government and academia [47]. This is achieved through focus
group discussions and data communication sessions that bring together participants from
communities, local leaders, and industries within a specific geographical area. During
the sessions key findings from the collected data and insights are shared. Further, citizen
engagement is through engagement of air quality champions and community leaders who
are provided access to the AirQo mobile app, educated about air pollution and use the data
to drive change in their communities[48]. City technical persons are trained on the use
of data and digital tools in managing the city urban environment and utilising evidence
for decision making processes related to air quality management. For policy engagement,
the data from the AirQo system is used to provide baseline data for formulating and
monitoring of the national level or city-level air quality standards and action plans.

4. Discussion and Future Work

The AirQo system presented in this paper demonstrates the design and development
of a smart city solution that is implemented in and for contexts of African urban spaces. A
recent extensive scoping study [49] emphasized the need for contextualized strategies and
systems to tackle air pollution in African cities. The design considerations put forward in
this paper is a step towards such strategies. The technology and approaches presented have
potential to be transferable to other cities in low-resource settings with similar contexts.
Urban spaces in these settings share similar context with respect to the pollution profiles,
transport systems, informal settlements and policy frameworks. For an urban sensing
system to achieve the design impact, it should consider the seven design space requirements
of: DR1: Low-cost and high resolution air quality sensing; DR2: Designing for portability and
flexible deployment options; DR3: Flexible power and communication options; DR4: Resilience to
local environmental conditions; DR5: Embedded quality assurance and calibration methods; DR6:
Community-oriented and active engagements; DR7: Digital platforms to drive action and policy.
Digital technology cannot achieve the desired impact in isolation and thus it is important
to complement digital technology with “offline” activities that aim to widen access to
data insights and information considering that many users and target stakeholders may
lack access to Internet and smartphone devices in these contexts. The need for air quality
sensing is present in many urban spaces and as such the sensing networks should be scaled
to several urban spaces that meet the monitoring criteria, for example, dependent on the
population density, pollution profile and risk. As next steps, the AirQo system is being
scaled to more cities on the continent with the target more cities in Africa. Lessons gathered
from scaling up of the AirQo system will further enrich and validate the design space
requirements put forward in this paper. In order to impact on the air quality, approaches to
enhance citizen engagement and behaviour change need to be further investigated. The
datasets and tools from the AirQo systems also provide a baseline for further research on the
impacts of air quality on health and economic outcomes. For example, previously the data
from the AirQo system has supported studies on understanding the air pollution impacts
on city competitiveness [50], macro predictions that fuse ground monitored data with
other datasets [51], prediction and modelling studies [43], assessing pollution vulnerability
for African cities [52], understanding impacts of air pollution on mobility [53,54], and
characterisation of air pollution profiles for African cities [2]. Other areas of future work
include investigation of incentive mechanisms to encourage use of data and behaviour
change among citizens and decision makers. For example, the digital tools could be
integrated with means to enable citizens to keep track and share individual actions done to
contribute to cleaner air in their community. Reward system could be designed basing on
the quality and effectiveness of individual contributions.
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