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INTERNATIONAL CONFERENCE ON
AIR QUALITY IN AFRICA
(ICAQ’Africa 2022)

AsaQd

Air pollution is an emerging concern in many African countries
transcending geographical boundaries and affecting the well-
being of its communities due to the increase in population and
industrial activities that control different pollution sources as
well as the impact of climate change on various landscapes
affecting traffic, residential combustion, and power generation
emissions (Mead et al, 2023). African cities are growing at a fast
pace (around 5% per annum urbanization rate in many places)
and this growth is like those seen in emerging regions like
South America and Southeast Asia. Africa now hosts megacities
such as Kinshasa in the Democratic Republic of Congo, Lagos
in Nigeria, and Cairo in Egypt. However, this development is
followed by several challenges in water and electricity supply,
municipal waste management, a growing need for infrastructure
(hospitals, schools, etc.), and deteriorating air quality with
adverse consequences on health.

11-14 October, 2022 (VIRTUAL EVENT)

In this light, the African Society for Air Quality (ASAQ) organized
its first International Conference on Air Quality in Africa
(ICAQ’22) to serve as a catalyst for collaborative research and
knowledge exchange and called for papers that could highlight
the state-of-the-art in the different specific research areas within
the continent (Tchanche et al., 2022). The event convened
researchers from various parts of the world delivering around
70 talks covering several topics including atmospheric pollutant
monitoring and forecasting models, microplastics, the impact
of atmospheric pollution on climate and economy, remote
sensing, air pollution and health effects, urban heat island, and
mitigation strategies.

The collective knowledge shared at the conference contributes
to a deeper understanding of air quality challenges in Africa

and fosters collaborative efforts toward sustainable solutions.
The articles presented in this Special Issue delve into the
intricate dynamics that shape the air quality landscape across
the continent and shed light on some emission problems, key
management challenges, and potential solutions that could
empower both the private and public sectors in developing air
pollution mitigation strategies.

Nana et al. (2023) examine the carbon dioxide emission factors
stemming from power generation focusing on the year 2018,
which is used as an example to evaluate the contribution of
renewable energy sources in mitigating CO, emissions. The
findings emphasize the need for a nuanced understanding of
emission factors and highlight the role of renewable energy in
fostering sustainable power generation practices.

Faboya et al. (2023) use Lagos as an example of a specific urban
area, where anthropogenic activities strongly contribute to
the exceedance of PM, levels, and further quantify specific
chemical components in these particles, especially, aliphatic
hydrocarbons, evaluating source diagnostic indices, offering
crucial insights into the local air pollution challenges. The
conclusions drawn pave the way for targeted management
strategies tailored to address the specific dynamics of air quality
in Lagos.

Finally, a holistic approach is provided by Borge et al. (2023), on
how air quality issues in five major African cities are managed.
Through an exploration of urban air quality, monitoring
capabilities, emission inventories, and governance structures,
the study emphasizes the urgent need for comprehensive
air quality management strategies. It further highlights the
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intertwined nature of poverty, social equity, and environmental
health, calling for collaborative, multi-level interventions in
addressing air quality issues.

While these articles contribute significantly to the dialogue
on air quality in Africa, it is imperative to highlight certain
overarching themes emerging from ongoing research in the field
of atmospheric science on the continent involving:

Source apportionment and chemical composition: Many
studies have presented particulate matter concentrations,
revealing widespread pollution across African cities. However,
few studies have provided the sources and their chemical
composition. Future research could delve more into source
apportionment and the chemical composition of collected
samples, and those of gases.

Data availability challenges: Ongoing atmospheric science
studies in Africa consistently indicate poor air quality in major
cities, however, data from many locations are still unpublished.
The high upfront cost of air quality monitoring, coupled with
low awareness among decision-makers and the public, and a
shortage of well-trained personnel, pose significant obstacles to
the availability of air quality data.

Role of low-cost sensors: A notable number of studies revolve
around low-cost sensors as a potential solution to overcome the
lack of air quality data in Africa. These sensors offer a promising
avenue for cost-effective monitoring, potentially increasing data
availability across the continent.

Integrating remote sensing data: Although air quality data
retrievals via remote sensing using satellites are available, very
few works have been published on this topic. Future research
can encourage their application especially due to their ability
to provide valuable insigh's into air quality data and dynamics
currently limited.

Health implications: Atmospheric pollutants are significant
contributors to several diseases, including asthma, cancer,
stroke, and dementia, leading to morbidity and premature
mortality. Despite progress, more research in this direction will
benefit public awareness of curbing air pollution.

Policy and legislation: While legislation related to air pollution
exists in many African countries, enforcement remains a
challenge. The need for more countries to adopt and rigorously
enforce air quality policies is important to enhance the collective
effort in combating this challenge.

Urban heat islands: Heat islands negatively affect productivity
and the economy in most African cities, particularly those
located in tropical areas. There is a need for researchers to study
the effects of heat islands in African cities and explore strategies,
such as cool roofs, to mitigate these impacts.

Collaboration and capacity: Most African researchers are
isolated and work with limited access to funds. South-South
collaboration and more training in the field of air quality are
highly recommended for capacity building. Nevertheless, the
interest is growing in air quality research in Africa. The number
of research groups as well as the number of published papers
is increasing rapidly. More and more scientific events are being
organized on the topic in various parts of Africa. After the
ICAQ’Africa 2022, more than ten events were organized on the
continent focusing on different aspects of air quality.

Collectively, the interdisciplinary nature of the ongoing research
underscores the pressing need for policymakers, researchers,
and stakeholders to collaborate in devising sustainable
strategies for addressing air quality challenges in Africa.
The complexity of the issue also necessitates international
cooperation to build a healthier and sustainable future for the
continent. It is anticipated that air quality research in Africa will
continue to grow and improve in the upcoming years.
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Air quality management (AQM) in South Africa faces significant
challenges in balancing the constitutional right to clean air
with economic development pressures. Civil organisations and
communities demand their constitutional right to clean air
while local governments face other pressing priorities, such as
basic services and economic development (Naiker et al. 2012;
Garland 2023). Therefore, imagining an air quality management
framework that works within the civil and political context of
South Africa is deemed imperative.

Current air quality management relies heavily on policy and
legislation with robust compliance and enforcement measures
dominated by Command and Control (CaC) approaches. This
approach lacks innovation and does not encourage incentive-
driven thinking (Mukwevho et al. 2022). There is an excessive
reliance on legal recourse as the primary incentive to comply,
which may not be sustainable or encourage proactive measures
from industry. While recognising the significant role of CaC
approaches, it is recommended to explore and adopt additional
approaches beyond CaC for further enhancement (Mukwevho
et al. 2022), which may lead to the industry sharing the
responsibility with the government of ensuring clean air for all.
The government has initiated adopting alternative approaches
like market-based instruments, including a carbon tax. However,
these measures can intensify financial burdens on industries,
thereby complicating efforts to reduce emissions in a manner
that is considerate of socio-economic development needs.

In the context of sustainable development, air quality offsetting
emerges as a promising approach to incentivise emission
reduction while supporting economic growth. In South Africa,
offsetting is implemented by polluting industries as a condition
of postponement of compliance with the Minimum Emissions
Standards (Langerman2019). Thistakes the formofinterventions
to reduce poor air quality in low-income settlements by
focussing on counterbalancing adverse environmental impacts
without requiring that the offset reduces the same pollutant
emitted by the industry (DEA 2016; Langerman 2019). Itis argued
that organisations are more inclined to engage in environmental
initiatives when these offer incentives for specific objectives,
and they are open to modifying abatement activities of the
facilities and behaviours within the business to align with these
objectives (Frondel et al. 2008). An unintended consequence is
that offsets are typically seen as stopgap measures with fixed

and limited time frames as opposed to control technology
projects with significant capital investment for development
and implementation lifetimes in the order of decades. Control
technology subsequently disincentivises the industry to take
offsets seriously.

Therefore, the questions that we are asking are: 1) What are
the benefits of air quality offsets and 2) To what extent should
offsets be integrated into our existing CaC instruments?

First, we must appreciate the complexity of air pollution in its
totality. We need to acknowledge that air quality management
is not only about industrial air pollution, as is commonly
perceived, but we also need to consider the significance of other
major pollution sources such as waste, domestic combustion
and traffic. Many households in South Africa, especially
those in low-income settlements, are exposed to indoor PM
exceeding ambient PM concentrations (Language et al. 2016;
Morakinyo & Mokgobu 2022; Wernecke et al. 2015). Adesina
et al. (2020) illustrated that increased indoor and ambient PM,
concentrations during the winter primarily result from solid fuel
combustion and not from nearby power plants.

Secondly, we need to recognise the potential benefits of air
quality offsets and explore practical examples that have proven
beneficial. Adesina et al. (2020), Langerman et al. (2018) and
Murray et al. (2023) argue that the introduction of air quality
offset initiatives is a valuable augmentation to the arsenal of
strategies aimed at reducing emissions, as it brings in additional
contributors and financial resources to support the drive
towards clean air. In addition, offsets represent a cost-efficient
means of directing limited resources toward mitigating exposure
to harmful pollutant levels.

The complex nature of air pollution and the necessity to evaluate
the impact of sectoral mitigation measures on pollution levels
and socio-economic factors calls for an integrated approach
to air quality management. Such an approach should be
underpinned by a rigorous scientific method, particularly in
the prioritisation of offsets and the determination of activities
that are eligible for offsets, ensuring optimisation across several
dimensions, including:

e  Reduction of emissions,

e Improvement of ambient air quality,
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e  Minimisation of economic costs,
Generation of co-benefits, and
Enhancement of health outcomes.

A key tool for such optimisation emerges as Integrated
Assessment Modelling (IAM). Ideally, through IAM, the intricacies
of management measures and their impacts, including offsets,
can be assessed and optimised. In doing so, activities qualifying
for offsets can be identified and directed toward the focus of
interventions.

In practical terms, this approach would enable a strategic
reallocation of resources to areas where the most significant
environmental and health benefits can be realised, concurrently
ensuring economic efficiency. The industry could then opt to
mitigate their emissions to the techno-economically viable
extent and utilise offsets to compensate for any shortfall in
meeting minimum emissions standards.

Adesina et al. (2020) argue that full implementation of the air
quality offset programme could yield significant advantages for
localcommunities, including reducingindoor PM concentrations
and enhancing thermal comfort, particularly during the winter
months. Evidence suggests that these mitigation methods
driven by offsets may enhance their overall quality of life
(Langerman 2019).

Our commentary suggests that the current process undertaken
by the Department of Forestry, Fisheries and the Environment
(DFFE) to review the National Framework for Air Quality
Management presents the best opportunity to integrate air
quality offsets into the CaC legal framework. The core aim
of the framework is to identify mechanisms, systems, and
processes that promote an integrated approach to air quality
management. This encompasses tactics for preventing and
decreasing pollutionatitsoriginand managingitsenvironmental
consequences, extending from local to global issues. Integrating
air quality offsetting into the national framework, therefore,
is advisable, seeing the current South African air quality
management system faces various challenges, including a
fragile economy, limited lifetime of infrastructure, the short
timeframe of extensions of compliance with the minimum
emission standards and the focus on reduction of emissions. Air
quality offsets provide an opportunity to holistically enhance
quality of life whilst combating poor air quality.

How can offsets become a legitimate part of an air quality
management framework? Offsets integration can be done
in @ manner that requires it to prioritise emission reduction,
maintenance, co-benefits, and contribution to ambient air
quality improvement. For offsets to be viable, there needs to
be clear strategies which will ensure that realistic programs,
long-term implementation, regular maintenance (funded by
the implementing industry), monitoring, and independent
evaluation of their performance are conducted. Lastly, the
option to implement air quality offsets, particularly by industry,
should not take away their responsibilities to meet minimum
emission standards but provide an additional tool to ensure
clean air for all.
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The need for alternate carbon-based
fuels

The pressing global challenge of climate change has intensified
the search for sustainable and environmentally friendly energy
sources. Among the potential solutions, the need for alternate
carbon-based fuels has gained prominence as a critical avenue
for reducing greenhouse gas emissions and mitigating the
impact of fossil fuel consumption. Traditional carbon-based
fuels, such as coal, oil, and natural gas, have long been the
primary drivers of economic development and industrialization.
However, their combustion releases vast amounts of carbon
dioxide (CO,) into the atmosphere, contributing significantly to
the greenhouse effect and global warming.

To address this issue, scientists, researchers, and policymakers
are exploring alternative carbon-based fuels that offer a more
sustainable energy future. One promising category of alternate
carbon-based fuels includes biofuels derived from organic
materials, such as plant biomass or algae. Unlike fossil fuels,
biofuels can be considered carbon-neutral because the plants
used in their production absorb CO, from the atmosphere during
their growth. This closed carbon cycle helps offset the emissions
released when the biofuels are burned for energy. Another
avenue involves developing synthetic fuels, often referred to as
e-fuels or electrofuels, which are produced by using renewable
energy to convert CO, and water into hydrocarbons or other
fuel molecules. These synthetic fuels can be used in existing
combustion engines or fuel cells, providing a potential bridge
between current infrastructure and a more sustainable energy
system.

The need for alternate carbon-based fuels is underscored by
the limitations and challenges associated with widespread
adoption of renewable energy sources like solar and wind. These
sources are intermittent and dependent on weather conditions,
making energy storage and distribution challenging. Carbon-
based fuels, whether derived from biomass or synthesized
through renewable processes, offer a more reliable and flexible
energy solution that can complement intermittent renewables.
Moreover, transitioning to alternate carbon-based fuels can
help reduce dependence on geopolitically sensitive regions
for traditional fossil fuel sources. This diversification enhances
energy security and reduces the geopolitical tensions associated
with access to conventional energy resources. This commentary

provides some insight into our focus on alternate carbon-based
fuels development at the North-West University.

Green coal

A new formulation of 'green coal' has been developed, and its
application has been tested at the coal research laboratories of
North-West University. Bio-oil and biomass char were produced
from sweet sorghum bagasse using hydrothermal liquefaction
(HTL) at temperatures between 280 and 300°C. The resulting
char was mixed with medium-rank C bituminous discard coal
fines and calcium carbonate (CaCO,) in different ratios, and the
mixtures were pelletized and gasified using CO, at temperatures
up to 1000°C. The experimental data revealed that the reaction
rate of the biochar was significantly higher than that of raw coal.

To further examine the impact of temperature and catalyst
on elemental sulphur retention during pellet combustion, a
combustion setup was used, showing low sulphur retention
for raw coal and biochar blends. However, the addition of
a metal catalyst/sorbent increased sulphur retention to 56-
86%, decreasing with rising temperature. A simulation using
FactSage™ predicted that operating the fixed-bed gasifier in
catalytic gasification mode at 800°C would remove over 50% of
the pyritic sulphur as insoluble CaSO, from the gaseous phase.
This aligns with the experimental results, and six international
patents have been filed for this innovative process.

Fine discard coal briquetting

South Africa produces approximately 30 million tonnes of
coal fines annually, which can lead to dust release, acid mine
drainage and spontaneous combustion. Agglomeration
technologies present a unique solution, allowing for fine coal
use in conjunction with other waste materials. The North-West
University has evaluated briquetting and extrusion as possible
agglomeration techniques, looking at co-utilisation, waste
valorisation and binder optimisation. Binder costs are often the
cause for cost impracticality in agglomeration, hence binders
derived from waste plastics along with low concentration
binders (poly-acrylic materials) have been tested.

Agglomerates produced were found to have compressive
strengths double that of the binderless briquettes, and in some
cases surpassing the compressive strength of run-of-mine coal
(14 MPa). These agglomerates can potentially be used in fixed-
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bed gasification or chain grate stoker fired boiler combustion
applications. Over the course of the years, the testing facilities
at the university have grown enough to allow for the continuous
production (25 - 200 kg/hr) and testing (mechanical as well as
thermal) of the manufactured agglomerates.

Waste valorisation

The green coal initiative has opened avenues for innovative
fuel formulations. One promising approach involves extruding
coal fines with recycled low-density polyethylene (LDPE) and
polypropylene (PP) as binders. The binder content varied
from 5 to 100 wt%, and the mixtures were processed in a co-
rotating twin-screw extruder at 220°C. This novel method,
not explored previously, resulted in extrudates with varying
mechanical strength. Those containing 10% or more binder
content exhibited strength and homogeneity, while a 5% binder
proved insufficient. Under load, the extrudates with 10% LDPE
and 10% PP displayed compressive strengths of 17.3 and 5.9
MPa, respectively, before breaking. The extrudates, regardless
of binder content, showed consistent compressive strength
after exposure to water. Moreover, they absorbed less than 5%
water after 24 hours of submersion. As the binder concentration
increased, the calorific value of the extrudates significantly rose
due to the higher calorific values of LDPE and PP compared to
coal fines. Additionally, higher binder content led to a decrease
in sulphur content. Thermogravimetric analysis (TGA) revealed
synergy between plastics and coal fines during pyrolysis. The
study suggests that co-extrusion of recycled plastic with coalfines
can yield carbonaceous fuels with enhanced hydrophobicity,
heating value, and strength compared to using coal fines alone.
This approach not only addresses environmental concerns
but also utilizes waste coal fines and plastics for industrial
applications.

In a related study, the slow co-pyrolysis behaviour of extrudates
from South African Highveld coalfield coal fines and recycled
LDPE and PP was investigated. Plastic fraction varied from 10
to 100% during extrusion. Slow pyrolysis yielded up to 83%
char from coal fines and over 90% condensable products from
plastics. The slow heating rate favoured condensable product
production, increasing with plastic concentration. Equations
were developed to predict pyrolysis yields and characteristics
based on coal and plastic composition. The results indicate
potential applications in stand-alone pyrolysis plants for
downstream chemicals production and char gasification,
marking a step forward in alternate fuel technology.

Cook-stove emission reduction

The use of coal as a domestic fuel source still occurs and is linked
to poor health due to exposure to household air pollution.
Alternative carbon-based fuels have been considered for use
in a newly designed cook-stove, with the aim of increasing the
air quality in households where electricity driven equipment
is not always feasible. Coal-biomass pellets and lump coal
were combusted in this newly designed semi-continuous cook-
stove at the North-West University. Biomass addition generally
leads to lower sulphur emissions and ash generation, and at

low concentrations (up to 25 wt%), a reduction in particulate
matter emissions was also observed. The use of torrefied wood
was shown to increase the potential energy content of the fuel,
approaching the calorific value of low-grade coal. To improve
handleability, binders such as starch and PVA were utilised, and
were found to have no significant influence on the NO_or SO,
emissions of the pellets. Finally, it was found that all the fuel
batchesin combination with the improved semi-continuous coal
stove delivered significantly lower NO, SO , and CO emission
levels than when compared to conventional coal stoves using
lump coal. Aroll out of 50 coal stoves in a low-income settlement
has been concluded, and the improvement of air quality is now
being evaluated. This stove can also be fed with blended coal/
biomass pellets, which can potentially make the process more
sustainable. Modifications to the stove design are currently
underway.

Conclusion

The imperative need for alternative carbon-based fuels arises
from the urgency to address climate change, reduce greenhouse
gas emissions, and transition towards a more sustainable energy
landscape. Biofuels and synthetic fuels represent promising
pathways that align with the goals of mitigating environmental
impact, fostering energy security, and promoting technological
innovation for a cleaner, more resilient future. This commentary
has provided some insight into our focus on alternative carbon-
based fuels at the North-West University with the view to lower
emissions and improve process efficiency and sustainability.
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GAS ANALYSIS

The National Metrology Institute of South Africa is mandated by the Measurement
Units and Measurement Standards Act, 2006 (Act No. 18 of 2006) to provide accurate
and internationally recognised national measurement results. The NMISA Gas analysis
laboratory enables compliance to legislation and reliable reporting of emission
measurements through the provision of traceable and reliable primary reference gas
mixtures. The laboratory is responsible for the dissemination of primary reference gas
mixtures, provision of reference measurements and calibration services, including
training, proficiency testing schemes, assessments and consultation.

Our Services

Primary reference gas mixtures
Criteria air pollutants
Greenhouse gases

Reactive gases

Volatile organic compounds

Energy gases

Stack emission gases

Automotive exhaust gases

Purity Analysis for high purity gases

Reference measurements

o Certification of gas mixtures from local
gas manufacturers (Secondary
reference materials)

o Analysis of tedlar bags and other
sampling vessels

Proficiency Testing Schemes

o Ambient air monitoring

o Stack emission monitoring

Calibration of ozone instruments

Calibration of gas monitors

o Personal monitors

o Gas leak detectors

Calibration of evidential breath analyser

(EBA) for law enforcement

© © © © © e

Please contact us at gas@nmisa.org
or +27 12 947 2818

‘nmisa

National Metrology Institute of South Africa

Oxygenated volatile organic compounds

Research Projects

Environmental and ambient air gases
Development of the following reference gas mixtures:

Greenhouse gases

o Carbon dioxide, methane, Sulphur hexafluoride,
nitrous oxide

Low amount fraction reactive gases

o Nitrogen monoxide, nitrogen dioxide, hydrogen
sulphide

o Preparation of calibration gas mixtures using
dynamic volumetric methods

Volatile organic compounds

o Non-methane hydrocarbons (NMHCs), Hazardous
Air Pollutants (HAPs), oxygenated VOCs, benzene,
toluene, ethyl benzene, (0,m,p) xylenes

Sulphur compounds

o Sulphur dioxide, Ethyl mercaptans, Dimethyl
sulphide, Tetrahydrothiophene

Industrial emission and energy gases
Development of the following reference gas mixtures:

Stack emission gases

o Nitrogen monoxide, sulphur dioxide, carbon
dioxide

Automotive exhaust gases

o Carbon monoxide, carbon dioxide, propane,
oxygen

Natural gases

o Ethane, propane, n-butane, n-pentane, i-pentane

Refinery gases

o Carbon dioxide, carbon monoxide, methane,
ethane, propane, 1,3-butadiene, oxygen nitrogen
and helium (balance)

Development of the Biogas gas mixture

o Methane, carbon dioxide and hydrogen sulphide
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FINDING AN
ENVIRONMENTAL
EQUILIBRIUM

We provide a full range of environmental legal services across all environmental media, including air,
water, waste, contamination and biodiversity.

With a focus on finding solutions for our clients, we are adept not only with litigation, but also with
alternative dispute resolution including mediation and conciliation, increasingly necessary to support
a sustainable environment.

With respect to air quality law, we advise on:
* AEL applications appeals

* Reviews and prosecutions

« Compliance notices and directives

* Noise and odour

* GHG compliance

+ Carbon Tax.

Contact:

Shepstone ) Wy

Johannesburg: +27 11 290 2540
. ATTORNEYS
lan Sampson: sampson@wylie.co.za

Siya Mkhize: smkhize@wylie.co.za www.wylie.co.za
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News

Let’s write in our African languages: Clean Air
Journal’s inclusive language policy

Mbalenhle Mpanza!

*University of Johannesburg, South Africa

https://doi.org/10.17159/caj/2023/33/2.17266

One way of taking action to improve air quality is to disseminate
knowledge and educate people using languages that the
majority of people understand. This is another form of citizen
science, which allows individuals from diverse backgrounds to
actively participate in scientific research, thereby generating
new knowledge and understanding (Cardamone and Lobel,
2016).

The Clean Air Journal has introduced an inclusive language
policy (https://cleanairjournal.org.za/InclusiveLanguage) which
aims at improving the accessibility of research published in the
journal. The policy allows for additional abstracts, written or
narrated in any African language, to be published. An African
language is considered to be any of the over 2000 languages
spoken in Africa.

Several authors have contributed additional abstracts to the
CleanAirJournal.Audio abstracts have been submitted by Bianca
Wernecke for Wernecke et al. (2021) (https://cleanairjournal.
org.za/article/view/9426) and by Rebecca Garland for Borduas-
Dedekind et al. (2023) (https://cleanairjournal.org.za/article/
view/15367). Dingemanse et al. (2022) have translated their
abstract into Amharic, an official language of Ethiopia (https://
cleanairjournal.org.za/article/view/13470/20567). Pieter Van Zyl
submitted an Afrikaans abstract, for Swarz et al. 2022 (https://
cleanairjournal.org.za/article/view/12866/20599).

Authors wishing to submit a translated or verbal abstract should
express their intent to do so when their manuscript is accepted
for publication. Accompanying the translated abstract should
be a certification of translation (see the example at https://
cleanairjournal.org.za/InclusiveLanguage). The certification of
translation serves to confirm that the abstract (written or verbal)
is an accurate translation of the content in the English abstract.
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News

NACA conference 2023 - Collaborating for clean air:
confronting climate change and air quality together

Danitza Klopper ©* and Roelof Burger ®?

!Chairperson of the NACA Scientific Review Committee, Department of Geography and Environmental Studies, University of Limpopo
’NACA President, Unit for Environmental Science and Management, North-West University
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NACA | 2023 | Face to face & Virtual

54~ Annual Conference of the

National Association for Clean Air

Collaborating for Clean Air:

Confronting Climate Change and Air Quality Together

6—8 September

The 2023 Annual NACA Conference, heldin collaboration with the
Department of Forestry, Fisheries, and the Environment’s (DFFE)
Air Quality Governance Lekgotla, proved to be a resounding
success. This in-person gathering took place at the picturesque
Protea Hotel: Ranch Resort, just south of Polokwane, drawing
141 attendees. All sessions were also streamed virtually, free
of charge to all stakeholders who couldn’t join the face-to-face
event. The conference not only provided a unique opportunity
for vibrant dialogues but also fostered valuable connections
among participants. Under the theme Collaborating for clean
air: confronting climate change and air quality together, the
conference emphasised the indispensable role of collective
efforts in addressing urgent environmental challenges around
air quality. The proceedings commenced with a joint workshop
by DFFE and NACA, laying the foundation for insightful technical
sessions, expert presentations, and the sharing of the latest
developments in the field of air quality management.

The first set of technical sessions was called Phathu’s Armchair,
where dynamic discussions were fostered with government
officials tackling difficult yet pertinent questions across themes
like Stakeholder participation and cooperative governance, The
state of ambient air quality in low-income urban settlements
of South Africa, and Regulating the regulator. A second set of
sessions, hosted by Farina Lindeque, shed light on the need for
assessing the value contribution of our research and work, and
explored our efforts to optimise our research collaborations to
generate value for all stakeholders affiliated with NACA. These
sessions shone a spotlight on the complex and interconnected
nature of air quality management and climate change
mitigation, and emphasised the necessity for collective action

and coordination among stakeholders to address our shared
concerns. Current approaches often fall short due to a lack of
effective mechanisms for knowledge sharing, learning, and
collaboration. The significance of social learning, defined as
the process of acquiring new knowledge, skills, and values
through social interactions, was underscored as a means to
enhance stakeholder capacity for more adaptive and integrated
responses to air quality and climate challenges.

Three distinguished keynote speakers, namely Dr Millicent
Kekana, Prof Hein Neomagus, and Mr Nicolas Zanetta,
illuminated various facets of environmental research and
challenges. Topics ranged from collaborative efforts in research
to alternative carbon-based fuels and the local ecological
implications of metal revolutions and energy transition.

NACA's unwavering commitment to fostering collaboration
across academia, industry, government, and society was evident
throughout the conference. A diverse array of stakeholders
converged, exchanging ideas and cultivating a space for
discussing innovative solutions. The carefully curated program
acknowledged that addressing clean air challenges requires
insights from all sectors of society, catering to the unique
interests and concerns of each participant. Throughout the three
days, the conference featured the presentation of 14 scientific
papers, six engaging 3-minute talks, and 12 informative posters,
showcasing the depth and diversity of contributions from the
NACA community.

The NACA Golden Award was awarded to Prof Stuart J. Piketh
and Grant Ravenscroft for their lifetime contribution to the
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science and community. Awards were also presented for the
following achievements (presenters are indicted with *):

Best 3-minute talk (3MT)

Characterizing the aerospora and ambient particulate matter
over Potchefstroom during the period (13 March- 26 March 2023)
(Keneilwe Podile*, Stuart J.Piketh, Frank H. Neumann and Dorra
Gharbi)

Best poster

Diurnal variations of PM, concentrations next to paved roads in
South African low-income residential areas: a case in Northam
(Ntokozo Rakitla*, Ncobile C. Nkosi and Nisa Ayob)

Best student paper (talk)

Estimating yield loss due to surface ozone using AOT40 for maize
and soybean across South Africa’s Highveld (Authors: Xander
Oosthuysen*, Mogesh Naidoo and Rebecca M. Garland)

Best scientific paper winner

Monitoring of biological pollutants during the Comrades
Marathon 2023 in South Africa (Authors: Dorra Gharbi, Nikiwe
Ndlovu, Frank Harald Neumann, Henno Havenga, Keneilwe
Podile*, Jemma Finch, Trevor Hill, Stuart Piketh, Roelof Petrus
Burger)

We extend our sincere gratitude to the sponsors whose generous
support played a pivotal role in making the 2023 Annual NACA
Conference a resounding success. We would like to thank
our sponsors, Air Resource Management, Airshed Planning
Professionals, Ansyco, Argos Scientific, C&M Consulting
Engineers, EnviroServ Waste Management, Eskom, Lakes
Environmental Software, Mintek, Mine Dust Network, NMISA,
North-West University, SACNASP, Shepstone & Wylie Attorneys,
Skyside, SRK Consulting and Testo for their commitment to
advancing environmental research and fostering collaboration.
Whether participant roles ranged from researcher to
policymaker, business leader, or dedicated member of society,
the 2023 Annual NACA Conference offered an enriching platform
for learning, contributing, and fostering positive change toward
a cleaner and healthier environment which remains at the
forefront of NACA's ongoing mission.
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Airshed Planning Professionals (Pty) Ltd

Providing scientific, engineering and strategic risk assessment, management services and policy
support to assist clients in addressing a wide variety of air and noise pollution related tasks and
management challenges.

Contact us
P.O. Box 5260, Halfway House, 1685
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mail@airshed.co.za
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Masters Programme in Environmental Management (M.Env.Man.)
with specialization in Air Quality and Climate Change

BACKGROUND

COURSE STRUCTURE

MORE INFORMATION

Climate change and air quality

in environmental management
faces significant current and
future challenges, especially in
South Africa (being one of the
developing countries in the world).
It is recognized that dealing with
climate change and air pollution
challenges will require a holistic
approach from stakeholders

from various disciplines.

The learning outcomes of this
programme will allow graduates to
successfully quip themselves with
environmental management and
air quality management skills
especially those in the sector
responsible for management,
governance and strategic
decision making.

This course consists of 3
modules:

« OMBO0886:
Atmospheric Emissions
and Impacts
(40 Credits)

« OMBO0887:

Air Quality and Climate
Change Law and Governance
(40 Credits)

« OMBO873:
Dissertation (100 Credits)

¢ Module outcomes and

programme videos:
https://natural-sciences.nwu.

ac.za/ccaqi

» Applications:

http://studies.nwu.ac.za/
postgraduatestudies/higher-

degree-admissions

» Course fees:

PC-studyfees@nwu.ac.za

PROGRAMME ARRANGEMENTS CONTACT INFORMATION
« Two year part-time » Senior Administrative Officer:
Programme. Ms Coréne van der Mer-

* Three five-day contact
sessions per year in
Potchefstroom.

MISSION STATEMENT

ENTRY REQUIRMENTS

The programme aims to build
capacity and skills within the

air quality and climate change
sectors. This is achieved through
multi-disciplinary and international
training collaboration.

Particular emphasis is placed

on the development of analytical
skills and critical thinking through
high quality research outputs.
This will enable students to
compete with confidence as
environmental practitioners in the
national and international labour
market.

e Appropriate honours
degree or equivalent.

» Ten students
admitted annually based
on qualifications and work
experience.

we (13279815@nwu.ac.za /

018 285 2443)

*  Programme Leaders:
Prof Roelof Burger
(Roelof.Burger@nwu.ac.za /
018 299 4269)
Mr Phathu Mukwevho

Rhathu.Mukwevho@nwu.ac.za)
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In Memoriam

Remembering Gustav Marthinus Snyman

12 January 1930 -10 July 2023

Gerhard Held* and Kobus Pienaar?

Formerly at Instituto de Pesquisas Meteoroldgicas, Sdo Paulo State University, Bauru, Brazil (retired since March 2014) and
Eskom Technology Services International, Cleveland, South Africa (until March 2000), gerhard@gheld.net.br
2Formerly at School of Physical and Chemical Sciences, North-West University, Potchefstroom (retired since October 2017)

https://doi.org/10.17159/caj/2023/33/2.17159

The National Association
for Clean Air (NACA)
mourns the passing
of Gustav Snyman, an
instrumental figure in
atmospheric sciences in
South Africa.

Born in Springs, Gustav
started schooling
there, but he attended
numerous schools due
to his father being a magistrate. He matriculated from Grey
College in Bloemfontein in 1947. After considering various career
possibilities during the next two years, he eventually took on a
job in ISCOR’s laboratory, while continuing to study analytical
chemistry, receiving his Diploma in 1965.

One year later, he accepted a position at the National Building
Research Institute of the CSIR. In the early 1980s, he moved
to the Atmospheric Sciences Division (under Dr Ernest Carte),
which had been merged with the then Air Pollution Research
Group (initially under Dr Eric Halliday), under the umbrella of
the National Physical Research Laboratory, which in 1989 was
restructured into Earth, Marine and Atmospheric Science and
Technology (Ematek) of the CSIR. Gustav was the responsible
chemist for ion chromatographic analysis in the Air Quality
Group, which maintained a network of some 30 particulate
samplers from 1982, equipped with parallel sets of filters for
PM,  and PM_,, across the Eastern Highveld region. He also
played a key role in the acid rain studies, later consolidated
into the Kiepersol Joint Venture (KJV), a collaborative project
between Ematek/CSIR, Eskom/TRI and relevant industries,
under the umbrella of the Department of Environmental Affairs
and Tourism.

After his formal retirement in 1990, he continued as a consultant
to the Air Quality Group of Ematek until 1991. In 1992 he
accepted a consulting contract with the Environmental Sciences
Group of Eskom’s Technology Research and Investigations,
where he became a dedicated member of the joint project
with the Atmospheric Chemistry Research Group of the then
Potchefstroom University for Christian Higher Education.

Together with the late Clive Turner, Kobus Pienaar and John
Osborne, he significantly contributed to the development of
the sampling and analysis techniques of biogeochemically
important solid and soluble anions and cations in airborne
particulate matter. He also participated actively in several field
campaigns in this joint venture between 1996 and 2000 and
contributed significantly to the analytical chemistry successes
of these studies.

Gustav was a loyal member and active participant in NACA
activities and one of the driving forces in the atmospheric
science community at the time. During his active years at the
CSIR, he also participated in and contributed to conferences
of the South African Society for Atmospheric Sciences (SASAS).
He was also an active member of the Air Pollution Liaison
Committee (APOLCOM) since its establishment in 1987, which
united engineers and managers of heavy industries in the
Eastern Transvaal Highveld (now Mpumalanga) to improve
the effectiveness and efficiency of the air pollution abatement
equipment at source.

During a full life of professional activities, he authored or
co-authored many papers in scientific journals, conference
contributions, as well as technical reports, and also significantly
contributed to two chapters of “Air Pollution and its Impacts on
the South African Highveld”, published by the Environmental
Scientific Association in 1996.

Gustav passed away on the morning of 10 July 2023 at the age of
93. We shall remember his jovial way when we were on extended
field campaigns. Our sincere condolences are extended to his
wife Elize, their four children, and numerous grand- and great-
grandchildren.
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Abstract

The Namibian coast is one of the areas of international interest for aerosol studies. This is due to the region’s importance for the global
radiation budget because of the presence of a semi-permanent stratocumulus cloud along the coast. Aerosol particles may scatter/
absorb radiation and directly influence how long clouds last by modifying their properties. This is all dependent on the particles’
chemical and physical properties influenced by the sources they were emitted from. In this study, we identified and investigated
episodes of high (HAE) and low (LAE) PM concentrations and the meteorology that may favour their occurrence. Here, we investigated
PM, . (particles with an aerodynamic diameter of 2.5 um or less) and PM,  (particles with an aerodynamic diameter of 10 um or less)
at Henties Bay, Namibia. Daily aerosol measurements were taken with E-samplers between 15 and 29 July 2019. The Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to investigate the long-range atmospheric transport of air masses
that reached Henties Bay. The study found that during HAEs, the average PM, , concentration was 28.40 + 18.10 pg/m? and the average
PM,, concentration was 68.20 + 44.3 ug/m’. In contrast, during LAEs, the average PM, . concentration was 13.3 + 9.52 pg/m? and the
average PM,  concentration was 30.00 + 23.00 pg/m’. In both fractions, there was an observed dominant contribution from marine
sources.

Keywords
PM, stratocumulus cloud, HYSPLIT, HAEs, LAEs

Introduction

Ambient particulate matter (PM) is used as an air quality
indicator (Chen & Hoek, 2020) and has impacts on phenomena
such as haze formation and climate change (Liu et al., 2018). PM
is commonly categorised based on its size as PM, , (aerosol with
an aerodynamic diameter of 2.5 um or less) and PM,  (aerosol
with an aerodynamic diameter of 10 um or less) (Kastury et al.,
2017; Kastury et al., 2018). The distribution and physicochemical
properties of PM particles in the atmosphere vary horizontally
and vertically. Thisis due to their uneven source distribution and
short lifetime, which is typically less than 10 days for particles <1
um and even shorter for particles >1 um (Klopper et al., 2020). A
variety of primary sources, both natural and anthropogenic, may

emit PM. It can also be formed as secondary particles through
photochemical processes involving the primary precursors (Dai
et al., 2019; Zalakeviciute et al., 2020; Khan et al., 2021). These
sources include biomass burning, road traffic, sea salt, and dust,
amongst others (Squizzato et al., 2017; Zalakeviciute et al., 2020;
Psistaki et al., 2023). Given the various possible sources, the
PM concentration and composition at a site depend on several
factors such as the regional background and its meteorology
(Yang et al., 2020; Zalakeviciute et al., 2020).

The Namibian coast is one of the areas of interest for PM studies
and their impact on the climate. A recent study found that
Namibian coastal areas have predominant PM inputs from sea
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salt (75%) and mineral dust (16%) (Klopper et al., 2020). The
production of primary marine aerosols is largely influenced by
local wind stress, with pure sea salt being the major constituent.
This production yields marine particles with a diameter of <20
um ranging from 2000 to 10000 T/yr (de Leeuw et al., 2011,
Fuzzi et al.,, 2015). Ultra-fine marine particles (<1 um) may be
transported over long atmospheric distances while the larger
particles are deposited close to where they were produced
(Fuzzi et al., 2015). The local meteorology in the arid region is
influenced by the adjacent cold Benguela ocean current and
semi-permanentstratocumulus cloud layer. The Benguelaregion
is known for its high marine biogenic productivity which emits
sulphur-containing compounds such as dimethyl sulphide and
hydrogen sulphide into the surrounding atmosphere (Klopper
et al., 2020). Once in the atmosphere, these compounds may be
oxidised and produce secondary particles which then contribute
to cloud droplet formation of the stratocumulus cloud (Andreae
etal., 1995).

Anthropologically induced land surfaces, desert regions, and
ephemeral dry lakes or riverbeds are the primary sources
of dust globally (Mahowald et al., 2009). Specifically, most
of its budget originates from fluvial dust sources (Poulton &
Raiswell, 2002). Dry ephemeral lakes found in arid and semi-arid
localities, such as Makgadikgadi and Etosha pans in Southern
Africa, are the major global sources of aeolian dust to the ocean
(Prospero et al., 2002). These sources have been hypothesised
to be significant for fertilising the adjacent ocean (Piketh et al.,
2000). Other important Southern African dust sources are the
Kuiseb, Huab, Tsauchab, and Omaruru ephemeral riverbeds in
Namibia. They may also play a noteworthy fertilisation role in
phytoplankton in the adjacent Benguela (Jacobson et al., 2000;
Jacobson & Jacobson, 2013; Dansie et al., 2017). Analyses using
remote sensing have also revealed that these riverbeds are
significant sources of dust plumes transported to the southern
Atlantic (Eckardt & Kuring, 2005; Vickery et al. 2013).

The Henties Bay Aerosol Observatory (HBAO) continuously
monitors aerosol measurements, including their chemical
composition and concentrations (Klopperetal.,2020). This study
expands on previous research at the HBAO by identifying coastal
episodes of high and low PM concentrations, and the weather
conditions that favour the occurrence of these episodes.

Methods
Sampling

Concentrations of particulate matter (PM) were sampled at the
University of Namibia's Sam Nujoma campus (522°5’43.944”;
E14°15'9552”) between 15 and 29 July 2019 (Figure 1) (Figure 2).
The campus is located next to the Omaruru riverbed, southwest
of the Etosha Pan and Huab riverbed and northwest of the
Kuiseb- and Tsauchab riverbeds. The sampling was done by
concurrently operating two E-samplers mounted on tripods (Met
Onelnstrument,2011). The E-samplers have a particle size range
of 0.1-100 um and a measurement range between 0 and 65 mg/

m? with a precision of 2%. The measurements were converted
from mg/m?® to pg/m?® by multiplying each value by 1000. One
sampler continuously measured PM, , and the other measured
PM,, (Figure 2). Measurements were taken in 15-minute intervals
at a flow rate of 2 L/min.

Unfortunately, the meteorology during the sampling period was
not measured at the site. However, the Wlotzkasbaken weather

station from the “Southern African Science Service Centre for
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Figure 1: Location of the Sam Nujoma campus, the Wlotzkasbaken
weather station, and important Namibian dust sources.

Figure 2: E-samplers (mounted on tripod stands) that were used to
concurrently measure PM, . (left) and PM, (right).
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Figure 3: Time series showing the observed PM, , (blue) and PM, (red)
concentrations (1ig/m?) during the sampling period. The red boxes
indicate the days on which HAEs were identified while the blue boxes
indicate the LAEs.
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Figure 4: The prevailing daily wind speed and direction at the Sam Nujoma campus during the sampling period. The dates highlighted in red represent
the days on which there were HAE events while LAEs are highlighted in blue.

Climate Change and Adaptive Land Management” (SASSCAL) is for the weather station was obtained from the SASSCAL website,

located about 32 km southeast of the monitoring site (Kaspar given its proximity to Henties Bay. This dataset was used to
et al.,, 2015). An hourly wind speed and wind direction dataset create both daily and hourly windroses for the sampling period.
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Figure 5: Polar plots illustrating potential PM2 ,and PM, emission
sources affecting observed concentrations at Henties Bay.
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Dust event identification

Presently, thereis no clear and agreed-upon method for defining
dust events based on PM data (Wiggs et al., 2022). Therefore, in
this study, we identified a dust event where the average hourly
PM,, measurements remained at or above 20.055 ug/m* for
80% of the day. This concentration represents a “severe dust
storm” according to the classification by Leys et al. (2011) and
is a very conservative identifier of a dust event. We chose this as
the most appropriate classification for this study as the hourly
PM,, concentrations never reached the thresholds of the other
classes. Days which met these criteria were classified as high
aerosol episodes (HAEs) while days which did not were classified
as low aerosol episodes (LAEs).

HYSPLIT back trajectory analysis

For this study (Stein et al., 2015), the National Oceanic and
Atmospheric Administration's (NOAA) Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model ran 72-hour
back-trajectories, which were initiated at a height of 250 m
above ground level. The purpose of starting at this height was
to model the transport of air masses into the marine boundary
layer, which has a minimum height of approximately 500 m
over the Namibian region (Klopper et al., 2020). The chosen
height of 250 m corresponds to the first and second vertical
levels in the model, which are situated at 1000 hPa (around
110 m above mean sea level (masl)) and 975 hPa (roughly 300
masl), respectively. The Global Data Assimilation System (GDAS)
reanalysis dataset, which is provided by the National Centre
for Environmental Prediction (NCEP) and has a resolution of
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Figure 6: Diurnal variation in PM, . (left) and PM, (right) concentration (Lg/m?) observed during the sampling period. The white dots indicate the mean
while the black dots indicate outliers. Please note that the graphs are on different y-axis scales.
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Figure 7: Stacked bar graph illustrating the predominant wind directions
per hour.

1°x1°, was used to model these trajectories. The modelling was
conducted using the Rstudio interface for Windows and relied
on the rich_iannone/splitR and Openair packages from the
open-source libraries (splitR is available from https://github.
com/rich-iannone/SplitR; Carslaw & Ropkins, 2017).

Results and discussion

Daily PM concentrations

Figure 3 shows a time series of the 15-minute PM,, and PM,
concentrations between 15 and 29 July 2019. The figure also
highlights days when HAEs were observed. During the sampling
period, the PM, . concentrations ranged from 1.00-105.00 pg/
m?® with a mean value of 17.70 + 14.38 ug/m® On the other
hand, PM, concentrations ranged from 1.00-239.00 pg/m* with
a mean value of 41.12 + 35.31 pg/m?. According to the ‘dust
event’ criteria, 17, 18, 19, 20, 24, and 25 July were classified
as HAEs and the rest as LAEs. During the HAEs, the mean PM,_
concentration was 24.70 + 18.20 pg/m® and the mean PM
concentration was 57.70 + 44.20 ug/m?. In contrast, during LAEs,
the mean PM_, and PM_  concentrations were 12.7 £ 7.70 pg/m?
and 28.20 + 17.80 pg/m?, respectively. The daily windrose plots
in Figure 4 provide additional insight into the meteorological
factors that may have affected the observed differences in PM,
and PM, concentrations during HAEs and LAEs. On days with
HAEs, the wind rose plots show predominant southerly and
southwesterly winds at speeds exceeding, on most days, 6 m/s.
These speeds were the highest during the sampling period and
agree with Klopper et al. (2020). Given the location of the study
site, of course, the dominant PM source located upwind in those
directions is the adjacent ocean. On 20 and 25 July, however,
there were winds exceeding 4 m/s from the north and northeast
suggesting a second potential emission source.

This is expected as the study by Klopper et al. (2020) showed
that aerosol concentrations at the site are influenced mainly by
sea salt (74.7%) followed by mineral dust (15.7%), ammonium

Table 1: Summary of the synoptic meteorology during the study period.
The days on which there were HAEs are highlighted in yellow.

Date Episode Synoptic Condition Transport Origin
West coast trough, No long-range trans-
15-1 LAE
5-16 July easterly transport port from further east
West coast trough, Transport of air from
17-19 July HAE strong pressure central South Africa,
gradient Zimbabwe, Zambia
West coast trough, Transport of air from
20-21 July LAE strong pressure central South Africa,
gradient Zimbabwe, Zambia
High pressure directly  Very little air transport
22 July LAE over the study site from the subcontinent
Onshore flow along Dominant circulation is
23 July LAE South-Atlantic High driven onshore
West coast trough, Transport of air from
24-25 July HAE strong pressure central South Africa,
gradient Zimbabwe, Zambia
West coast trough, Transport of air from
26 July LAE strong pressure central South Africa,

gradient

Zimbabwe, Zambia

No pressure gradient
near Henties Bay,
stable weather

Stable weather, no

27-2 LAE .
8 July pressure gradient

(6.1%), fugitive dust sources (2.6%), and emissions from industry
(0.9%). However, on 16 and 22 July, the predominant wind
directions were also southwesterly and westerly, during an LAE.
This suggests that other factors may also have influenced the
observed PM concentrations and subsequent HAEs and LAEs.

For example, PM,  is mostly made up of particles that are
directly emitted into the atmosphere (Wong et al., 2022).
However, some of its constituents may also be formed
through secondary processes. For example, when nitric acid,
produced by the oxidation of nitrogen oxides reacts with pre-
existing alkaline aerosols like sea salt and dust particles (Bian
et al., 2014). According to Klopper et al. (2022), another factor
might be present at the synoptic scale. In their study synoptic
meteorology was shown to influence the land and sea breezes
at the site (Klopper et al., 2020). We created polar plots to
examine and display the potential sources of PM,, and PM
emissions during HAEs and LAEs (Figure 5). These plots illustrate
the variations in PM concentrations based on the wind speeds
and directions using polar coordinates, indicating emissions
that may affect the receptor site. In addition to the expected
dominant contribution of marine sources during HAEs, there
appear to be potential continental sources located to the north-
northwest and north-northeast of the site. As shown in Figure 1,
the Huab riverbed is a potential major source in that direction.

There is also a possible source to the south-southeast and
southeast of the site, which may be attributed to contributions
from the Kuiseb riverbed. There’s also a contribution around
and to the east of the site which is most likely the adjacent
Omaruru riverbed.
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Figure 8: Back-trajectories of 72-hours during 15-28 July 2019 (the different colours indicate the different computed trajectories). The scale to the right
indicates the height above ground level (m). The dates on which there were HAEs are highlighted in yellow.

Hourly PM concentrations

The boxplots in Figure 6 show the hourly variation in PM, , and
PM,, concentrations over the 2-week sampling period. The
plots for both fractions show two clear periods in the diurnal

concentrations. This indicates that the peaks observed in
the morning and the beginning of the evening between the
two studies are ascribed to different sources. The mean PM
concentrations are generally lower during the early morning
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hours (01:00-09:00) and then increase throughout the day,
reaching their highest values during the late afternoon and
evening hours (16:00-21:00). The maxima and minima also show
a large range which indicates that there is a lot of variability in
the data. Figure 7 shows the predominant hourly wind directions
with a clearly defined and very strong day-night signal. During
the day, the predominant wind directions were from the south
and southwest while at night, northerly and northeasterly winds
were predominant. This agrees with the observation by Klopper
et al. (2020) in July 2016 at the site. They found that these day
and night wind patterns are associated with sea breezes and
land breezes, respectively. The high PM concentration from
09:00 to 21:00 may, therefore, be explained by the dominant sea
breezes from the south and southwest during this time. This, in
other words, signifies the importance of marine sources to HAE
in the region.

Back-trajectories and synoptic

meteorology

Figure 8 illustrates the 72-hour back-trajectories computed
for the sampling period from 15 to 29 July. During most of the
study period, air masses were predominantly transported
from the interior. During HAEs, air masses were predominantly
transported from the northeastern interior with some from the
adjacent ocean. During LAEs, the transport was more varied -
on some days air masses were transported from the ocean and
on other days from the continent. The lowest PM concentrations
were observed between 23-24 July (LAE) and during these days,
the dominant transport pathway was from the adjacent ocean.

The synoptic conditions during the sampling period are
summarised in Table 1. Generally, HAEs occurred under west
coast trough conditions, requiring a strong pressure gradient,
and enhanced easterly winds from the central regions. The
sources of the aerosols might be as far as southern Zambia,
the Caprivi, and dry western Namibian regions, as indicated
by the back-trajectory. These conditions were also present on
July 25 and 26, with transport from as far as central Zimbabwe.
Transport during July may coincide with large veld fires over the
region, which can explain why circulation with an inland origin
is associated with high aerosol concentrations.

Conclusions

This study presents the results of a detailed analysis of daily
PM,, and PM,  concentrations between 15 and 29 July 2019
at Henties Bay, Namibia. The results show that during HAEs,
the mean PM,, concentration was 28.40 + 18.10 pg/m’ and
the mean PM,  concentration was 68.20 + 44.3 pg/m?*. During
LAEs, the mean PM,, and PM_  concentrations were 13.3 + 9.52
pg/m? and 30.00 £ 23.00 ug/m?, respectively. During HAEs, the
predominant southerly and southwesterly winds are from the
adjacent ocean. The results also show three other sources of PM

emissions to the north and southeast of the site which are most
likely the Namibian ephemeral river valleys. Hourly, the highest
PM concentrations were observed during the late afternoon
and evening hours (16:00-21:00). These concentrations may
be explained by the dominant sea breezes from the south and
southwest during this time.

During most of the study period, air masses were predominantly
transported from the interior. During high aerosol episodes
(HAEs), air masses were predominantly transported from the
northeastern interior with some from the adjacent ocean while
during low aerosol episodes (LAEs), the transport was more
varied with air masses being transported from both the ocean
and the continent. HAEs generally occurred under west coast
trough conditions, requiring a strong pressure gradient and
enhanced easterly winds from the central regions. The sources
of aerosols might be as far as southern Zambia, the Caprivi,
and dry western Namibian regions, as indicated by the back-
trajectories. The occurrence of winter veld fires may explain why
circulation with an inland origin is associated with HAEs.
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Abstract

The climatology of ambient SO, air pollution was investigated in Durban, South Africa using data collected by seven air quality
monitoring stations (Ferndale, Grosvenor, Jacobs, Wentworth, Settlers School, Southern Works and Prospecton) operated by
eThekwini municipality (2004-2014, 2018-2019). These sites constitute a mix of urban and industrial locations.

Yearly average trends indicated that no site exceeded the yearly average national guideline (19ppbv) 2004-2014, 2018-2019. Southern
Works, Wentworth and Jacobs, recorded highest yearly averages, a consequence of situation within Durban South Industrial Basin
(DSIB) while Ferndale recorded lowest yearly averages, a reflection of location in an urban environment. Results of linear fitting to
yearly average data (2004-2014) indicated negative trends (all sites). The largest trend was recorded at Jacobs (-0.48ppbv yr-1) and
smallest trends observed at Prospecton (-0.12ppbv yr?), Ferndale (-0.084ppbv yr?) and Grosvenor (-0.024ppbv yr?). Using these linear
trends, projected SO, levels were calculated and compared to actual data where it existed (2019 - Wentworth, Settlers, Prospecton),
(2018,2019 Southern Works). Comparison of actual with projected data indicated that except for Prospecton, projected yearly averages
are lower than actual yearly averages for these sites. The largest difference between projected and actual data occurred for Southern
Works in 2019 (4.10 ppbv). Monthly averages displayed periodic behaviour with maxima recorded in winter and minima in summer.
Highest monthly averages were consistently recorded at Wentworth, Jacobs or Southern Works. Maximum monthly average (2004-
2019) was reported at Jacobs, June 2009 (21.71+ 2.82ppbv) while minimum monthly average (2004-2019) was reported at Ferndale,
December 2012 (0.32+0.04ppbv).

Jacobs recorded maximum seasonal values June (11.54+6.37ppbv) to November (8.32+3.59ppbv), February (7.18+5.33ppbv) and April
(9.0246.38ppbv) while Southern Works recorded maximum seasonal average January (7.37+5.09ppbv), March (9.03+5.81ppbv). During
May, Southern Works, Jacobs, Wentworth reported closely matched values (9.04+4.50ppbv, 9.17+6.34ppbv, 9.49+ 5.22ppbv). Minimum
seasonal levels were recorded at Ferndale (1.06+0.58ppbv - 2.29+0.88ppbv). Ferndale, Grosvenor, Wentworth and Settlers School
reported secondary maxima in September/October potentially indicating the influence of biomass burning at these locations.

Seasonal averages illustrated that cooler conditions favoured higher SO, levels and warmer conditions, lower concentrations.
Comparison of average difference between seasonal maximum and seasonal minimum (average width of seasonal envelope) indicated
that Jacobs had the largest seasonal envelope and Ferndale the smallest.

Previous Durban SO, studies are considerably older or of shorter duration than the analysis presented here and are limited as they
principally focus on yearly average trends. The determination of SO, levels over additional averaging periods (monthly average,
seasonal variation, seasonal average) coupled with a larger data set and the comparison across sites (industrial vs urban) provides a
more detailed exposure profile as experienced by individuals living and working in the eThekwini municipality and thereby expands
on previous investigations.

Keywords
Ambient SO, pollution, Durban, yearly average, monthly average, seasonal variation, seasonal average.

CLEAN AIR JOURNAL © 2023. The Author(s). Published under a
Volume 33, No 2, 2023 33 Creative Commons Attribution Licence.



Research article: Decreasing trend in SO, concentrations over Durban: 2004 - 2014

Page 2 of 17

Introduction

Air pollution is a major problem of the new millennium, and it
has become increasingly clear that human activities are playing
animportant role in the cycling of trace gases in the atmosphere
(Carslaw and Carslaw 2001). Poor air quality can affect health
and the wider environment, particularly in urban areas where
the majority of people live and work. Due to its abundance
and substantial health impacts, SO, was chosen as the target
pollutantin this investigation.

Several factors influence air quality in urban areas. The levels
of pollutants released into the atmosphere are directly related
to the number of emission sources, distribution of emission
sources and volume of pollutants released by each source.
These sources may be in the form of stationary sources e.g.
emissions from a combustion furnace flue stack or mobile
sources such as exhaust emissions from cars / aeroplanes etc.
and accompanying transport of pollutants (Masiol et al. 2014).

Air quality is also affected by the rate at which pollutants
disperse. Dispersion is dependent on both wind direction and
strength. Strong winds result in rapid dispersal of emissions
whereas little or no wind results in the accumulation, and in
some cases, high concentration of air pollutants. Local factors
such as topography and proximity to coast, building height and
time of year all affect local wind conditions and can play arole in
increasing air pollution levels (Diab et al. 2002; Thambiran and
Diab 2010).

As in the case of NO,, SO, has multiple emission sources both
natural and anthropogenic in origin (Masiol et al. 2014). Natural
emission sources of SO, include volcanoes, grassland, and forest
fires. Coal and petroleum often contain sulphur compounds and
their combustion generates SO,. Anthropogenic SO, emission
sources therefore include combustion of fossil fuels / crude oil
and coal transformation processes. It is also produced as a by-
product of metal smelting (of sulphur containing ores) and other
industrial processes (Masiol et al. 2014). Approximately 90% of
sulphur present in fossil fuels enters the gas phase in the form
of SO, during combustion unless it is deliberately removed from
fuel gas (Hewitt 2001). As a result of these combined industrial
activities, approximately 99% of the SO, present in ambient air
is of anthropogenic origin (Hewitt 2001). The main sinks of SO,
are the oxidation by OH radicals and wet deposition, namely the
solution in cloud droplets where it is converted to sulphurous
(H,S0,) and sulphuric acid (H,SO,) (Pham et al. 1995).

The main route of SO, exposure is inhalation and the target
organs comprise the respiratory system. Once inhaled, SO,
is absorbed through the respiratory tract and distributed to
all parts of the body, including the brain and bone marrow.
Exposure to SO, is linked to numerous adverse effects on the
respiratory system including broncho-constriction, wheezing
and increased asthmatic symptoms (Matooane and Diab 2003;
Mentz et al. 2018). It has also been found that SO, is toxic to
plants (Lee et al. 2017).

South Africa has been identified as a source of industrial
pollution, significant on a global scale (Josipovic et al. 2010).
Furthermore, the problem of air pollution in Durban has a
long history, particularly in relation to the Durban South
Industrial Basin (DSIB). The DSIB is an approximately 4 km
wide area on the eastern seaboard of South Africa, extending
south from the Durban Central Business District (CBD) for 24
km to Umbogintwini. This area includes the CBD and Port of
Durban, which is the busiest port in Africa. Poor historical land-
use planning has resulted in juxtaposition of residential and
industrial areas in South Durban. This has led to a long-term
ongoing conflict between local communities and industry,
particularly regarding concerns about possible effects of
ambient air pollution on the health of residents (South Durban
basin multi-point plan case study report 2007; Matooane and
Diab 2003).

Industrial development in the area started in the mid 1950’s. At
present, some 600 industries are reportedly located in South
Durban Industrial Basin. Emission sources include Mondi
(paper manufacturing), sugar refinery, sewage treatment
works, a cluster of chemicals industries, major petrochemical
and chemical storage facilities, textile manufacturing, metal
smelting, breweries, factories relating to the paint and motor
industries. During the study period (2004-2014, 2018-2019)
the Engen refinery and SAPREF were also significant sources of
air pollutants. The fact that several of the major facilities have
relatively low stack height (50 - 100 m) further facilitates the
increase in pollutants close to the ground (South Durban Basin
multi-point plan case study report 2007). The DSIB is also the
focal point of many of the city’s major transport routes and this
adds a further large contribution to emissions from vehicular
traffic and shipping (South Durban Basin multi-point plan case
study report 2007).

Other factors apart from emission sources affect air pollution
levels in DSIB. The local climate has a direct influence on the
fate of particulates and gases released into the atmosphere.
Concentration of pollutants varies on a daily / hourly basis in
response to changes in atmospheric stability, resultant mixing
depth and atmospheric circulation patterns. High concentration
of air pollutants is associated with poor dispersion conditions.
Furthermore, South Durban has a basin-like topography that is
conducive to the accumulation of pollution (South Durban Basin
multi-point plan case study report 2007), (Air quality scoping
report: Royal Haskoning 2014).

Winds in Durban basin blow predominantly from the south-
south-west to south-west and north-north-east to north-east in
approximately equal proportions. Winds from north-north-east
/ north-east are associated with high atmospheric pressure and
fine weather however winds from south-south-west / south-west
are associated with the passage of coastal low-pressure systems
and cold fronts and hence accompany unfavourable weather.
The direction of predominant winds parallel to the coast
together with the DSIB topography results in the channelling
of pollutants within the basin (South Durban Basin multi-point
plan case study report 2007).
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The effect of temperature inversion conditions on pollutant
levels should also be considered. A temperature inversion
occurs when the air temperature increases with height as
opposed to the usual decrease in temperature with increasing
altitude. Inversions are common overnight during periods of
calm weather and are generally strongest in the early morning
hours. This inversion phenomenon acts like the ‘lid’ on a
containment vessel that traps pollutants close to the ground
and prevents upward air movement. Temperature inversions
coupled with low wind speed can result in high levels of
pollutants near the surface. A brown haze is a common feature
of air quality in Durban during winter and can be attributed to
the photochemical action of NO,, O,, SO,, PM and VOCs. Once
air flow is restored, circulation of pollutants can occur. Finally,
air quality may be negatively impacted through the transport
of pollutants from inland areas down to the coast by north-
westerly land breezes at night, particularly during winter.

The effect of rainfall on air pollution is also significant. Annual
rainfall in Durban is 1009 mm with most of this rain falling in
summer. This period of high rainfall is associated with periods of
improved air quality as the overall effect of rainfall is to remove
dust and pollutant gases from the atmosphere. During summer
humidity is high (sometimes approaching 100%) while winter
is characterised by low humidity (as low as 20%). This high
humidity in summer implies that chemical reactions that require
water vapour are accomplished more efficiently, hence airborne
pollutants are removed more effectively and rapidly than during
the dry winter conditions (South Durban Basin multi-point plan
case study report 2007), (Naidoo et al. 2007). Overall, dispersion
conditions in summer improve due to less stable air conditions,
higher wind speed and the effect of rainfall. As a result of the
contributing factors discussed above, DSIB one of the most
heavily polluted industrial areas in South Africa.

Ferndale

New
Germany
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Figure 1: Location of seven air pollution monitoring sites employed in this investigation - Ferndale, Grosvenor, Jacobs, Wentworth, Settlers School,

Southern Works and Prospecton.
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As SO, is a principal by-product of many industrial processes it
is often used as an ‘indicator pollutant’ The National Ambient
Air Quality Standards (NAAQS) for SO, are 191ppbv (10-minute
average), 134ppbv (hourly average), 48ppbv (daily average)
and 19ppbv (yearly average) (Government Gazette RSA 2009).
Air quality monitoring in Durban was initiated at Wentworth in
1958 (Diab and Motha 2007) and as a result SO, is therefore the
pollutant with the longest record of near continuous monitoring.
The present investigation aims to characterize the climatology
and seasonal variation of SO, emissions in order to compare
and expand on previous studies at this location (Diab et al. 2002;
Guastella and Mjoli 2005; Gounden 2006; Diab and Motha 2007;
Guastella 2008; Mdluli 2015; Khumalo 2020).

It should be noted that previous SO, trend studies are
considerably older and for significantly shorter study periods
than the present investigation, as in the case of Diab et al.
2002; Guastella and Mjoli 2005; Gounden 2006; Diab and Motha
2007; Guastella 2008. Furthermore, these studies largely focus
on yearly trends. There are very limited studies on monthly
averages, seasonal variation or seasonal averages. Analysis
of monthly average trends are presented in Guastella and
Mjoli (2005), however this work is based on data collected for
the period 1996 to 2003. More recent studies (Mdluli 2015 and
Khumalo 2020) solely focus on analysis of SO, yearly average
trends. The motivation for this investigation was therefore to
complete a detailed long term trend study of SO, climatology
in Durban, including analysis of not only yearly averages but
additionally monthly averages, seasonal variation and seasonal
averages as wellas an analysis of data recorded in both industrial
and urban environments.

Data collection, processing and
instrumentation

eThekwini  Municipality commissioned the continuous
monitoring network in December 2003 as one of the major
elements of its Air Quality Management System. The network

is composed of instrumentation owned and operated by the
eThekwini municipality. The network consists of monitoring
stations situated at a range of sites representing heavy
industry, urban, residential and rural locations. The network
instruments  continuously measure priority pollutants
(measurement techniques) CO (infrared spectrometry),
NO, (chemiluminescence), SO, (UV fluorescence), O, (UV
photometry), PM = (TEOM - tapered element oscillating
microbalance) as well as other species at selected sites.

In this investigation, seven sites were chosen to examine the
long-term trends on SO, ambient air pollution in South Africa,
these are: Ferndale, Grosvenor, Jacobs, Wentworth, Settlers
School, Southern Works and Prospection. Figure 1 indicates the
locations of the seven monitoring stations.

The seven selected stations can be grouped in the following
way: One northern station - Ferndale, which is located at the
Ferndale Primary School, is situated some distance from roads
and industry. The closest industries are found approximately
2 km to the SE in River Horse Valley Industrial Park and
Briardene Industrial Park. This site is representative of an urban
environment, and it is the only monitoring station situated in the
north of Durban. The remaining six stations - Jacobs, Grosvenor,
Wentworth, Settlers School, Southern Works, Prospection are all
located in the heart of the DSIB with the exception of Prospecton.
It is the most southerly site of the selected locations and serves
as an industrial background station measuring pollutant levels
entering the DSIB from the Prospecton/Umbogintwini area.

The quality of data collected at the above monitoring stations
is assured in a number of ways as a robust server-based data
acquisition sytem called Envista Air Rosources Manager is
employed. This system is globally used and has built-in data
flags which are in accordance with ISO/IEC 17025:2017. Data
validation is accomplished by adhering to the National Norms
& Standards for Ambient Air Quality Monitoring developed by
the Department of Forestry, Fisheries and Environment (DFFE)

Table 1: Monitoring station (and GPS coordinates), SO, monitoring instrumentation, location characteristics and years of available data.

Station GPS Coordinates SO, monitoring instrumentation Location characteristics Years of available data

Ferndale -29.77806 Monitor labs ML, 9850B Urban 2004 - 2013
30.97805

Grosvenor -29.92089 Thermo Scientific, Model 43iQ series  Industrial 2004 - 2012
31.00436

Jacobs -29.92831 Thermo Scientific, Model 43iQ series  Industrial 2004 -2014
30.97937

Wentworth -29.93306 Teledyne API, Model T100 Industrial 2004 - 2014,2019
30.98774

Settlers School -29.95875 Teledyne API, Model T100 Industrial 2004 - 2014,2019
30.97905

Southern Works -29.95984 Thermo Scientific Model 43iQ series  Industrial 2004 - 2014,2018, 2019
30.97395

Prospecton -30.00311 Environment SA, Model AF22M Industrial background 2004 - 2014, 2019
30.92960
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(National). Data outliers are flagged such as duplications, and components: lamps, PMT, etc. takes place (eThekwini air quality
erroneous data such as spikes and dips often due to abrupt monitoring network - Annual Report 2009).

shutdowns (loadshedding). Data validation checks generally

take place every 15 days. For each monitoring station, Table 1 gives details of GPS

coordinates, SO, monitoring instrumentation and total years of
In terms of quality control, the practice of ISO 17025, SANAS available data during the period 2004 - 2019. Allinstrumentation

TR0703 and the National Department (DFFE) Draft Norms and is based on the UV fluorescence technigue for SO, monitoring.
Standards for Ambient Air Quality Monitoring are followed.
Station checks are done daily. In addition to data collection, the All original data was obtained in hourly intervals in excel format
Envista system assists with data management and the operation and processed with the use of MATLAB. In order to remove any
of the monitoring stations. Each station has a datalogger spurious values from that dataset (such data gaps, zero and
installed with Envida software. Envidas is a package/component negative values), a 70% data completeness criterion was applied
of Envista. All instruments are configured to transmit data from thereby removing any average data point that was calculated
instrument to the datalogger, Envidas captures and saves this from less than 70% available data in that particular dataset. This
data on the logger PC. Envidas is configured to the remote server rule was applied throughout the analysis presented in this work.
running the Envista DMS, data is transmitted from station level
to server level via network connection and these applications. All raw hourly data sets were manipulated in order to calculate
Data for each station and instrument is remotely checked SO, yearly averages, monthly averages, seasonal variation and
each day on Envista by the data team and the technicians and seasonal averages. It should be noted that not all sites have
technicians respond to stations that display no online status for complete data sets 2004-2019. For sites where data was available
stations or instruments, and/or any data that appears spurious. 2018-2019, this was included in order to optimize the data set
and consequent findings. For yearly averages, monthly averages
Bi-weekly calibration is done in-house and is a one-point check and seasonal averages, graphs are plotted for the entire time
on the gas instruments, using low concentration (ppb) certified period in order to facilitate comparison between sites.

and accredited gas. Multi-point calibration is done quarterly,

in-house - three times per year. Here a dilution calibrator, zero . .

air generator and a high concentration (ppm) certified and Results and discussion
accredited gas is employed. Calibration at zero and high span

is undertaken, and gas is diluted to multiple points in order to Annual average trends

achieve a linear relationship. Finally, one external calibration is As a first step in investigating trends in the Durban air pollution
done by a SANAS accredited lab yearly. SO, dataset, yearly averages were calculated for each site and
the results presented below. Figure 2 shows a composite of
Instrument maintenance is done in accordance with seven plots, each illustrating the yearly average 2004 - 2019 for
manufacturer  specifications and standards including the monitoring sites Ferndale, Grosvenor, Jacobs, Wentworth,
preventative maintenance such as planned services. In addition, Settlers School, Southern Works and Prospecton.
to bi-weekly calibrations instrument checks are conducted and
instrument check sheets completed. In these checks, monitoring Figure 2 yields a number of important observations. Of the
of the instrument response not only to gas but also to electronic chosen monitoring sites, Southern Works, Wentworth and
signals that have a defined operating range/threshold value Jacobs recorded the highest yearly averages over the study
e.g., instrument flows, temperature, pressure, voltage of certain period. In 2004, the maximum values recorded were reported
25 L L | | | ! ! | ! | | | | | | |
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Figure 2: Comparison of yearly average SO, concentration (ppbv) for the study period 2004 - 2019 at monitoring sites Ferndale (FD), Grosvenor (GV),

Jacobs (JB), Wentworth (WT), Settlers School (SS), Southern Works (SW), Prospecton (PR). The permissible NAAQS early average exposure limit of 19ppbv
is indicated by the solid black line for reference.
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at Jacobs (12.09 + 4.87ppbv) and Southern Works (11.12 +
5.46ppbv). Between 2005 - 2007 Southern Works recorded
maximum yearly averages (for the dataset) in the range 11.04
+4.99ppbv - 9.83 £5.36ppbv, respectively. During 2008 and 2009,
Jacobs reported maximum values of 13.27 + 5.02ppbv and 15.34
+5.97ppbv. These levels significantly exceed those recorded at
the remaining 6 sites. Yearly average SO, concentration recorded
at Jacobs in 2009 is the highest value recorded for all seven sites
(2004 - 2019). In 2011 and 2013, Wentworth recorded maximum
values for the dataset of 7.06 + 4.14ppbv and 10.92 + 6.03ppbv
respectively. During the remaining years 2010, 2012, 2014, 2018,
2019 Southern Works reported maximum values for the dataset,
and these were in the range 7.85 + 4.62ppbv to 10.34 + 5.83ppbv.

From 2011 to 2014, Southern Works, Settlers school and
Prospecton show a correlation in SO, levels. It is possible that
Settlers School and Southern Works may have been influenced
by the same emission sources which resulted in this behaviour,
however, Prospecton is the most southerly site of the 7 locations,
and it is therefore uncertain why this would show a similar
pattern of SO, observations during this period (2011 - 2014).

The Prospecton and Ferndale monitoring sites are characterized
by consistently low SO, concentrations with Ferndale recording
the lowest yearly average for the study period, during 2011 (1.11
+0.64ppbv). Since the Ferndale monitoring site is situated north
of Durban and is also some distance from main roads and heavy
industry, these factors must therefore be the main contributing
factor to the low SO, levels observed at this site. Finally, the
guideline for permissible yearly average SO, exposure is 19ppbv
and for the period of study, all yearly average values for the
seven monitoring stations dataset are below this limit.

For each location, maximum and minimum yearly average (2004
- 2019) were determined together with difference between

maximum and minimum values. In each case, a linear trend
was fitted to the data and the gradient and norm of residuals
of the trend calculated. Because of the substantial data gap,
2015 - 2018 (Southern Works), 2015 - 2019 (remaining sites), the
linear trend was fitted for the period 2004 - 2014 and projected
data for 2018, 2019 (Southern Works), 2019 (all remaining sites),
compared with actual data. It should be noted that actual data
only exists for 2018, 2019 (Southern Works), 2019 (Wentworth,
Settlers School, Prospecton). For comparison, Table 2 shows
maximum value and year, minimum value and year, difference
between maximum and minimum values, linear trend fitted to
yearly average data (2004-2014) and projected yearly average
data (2019) for seven monitoring sites. Actual data recorded at
Wentworth, Settlers School, Prospecton (2019), Southern Works
(2018, 2019) is also presented. Maximum, minimum yearly
average values and actual data (2018, 2019) are expressed with
standard deviation in parenthesis.

Consideration of Table 2 indicates that Jacobs shows the largest
maximum value for the dataset, namely 15.34 + 5.97ppbv
recorded in 2009. Southern Works, Wentworth and Settlers
School all record maximum values in the range 9.47 - 11.12ppbv.
The locations Grosvenor, Prospecton and Ferndale all record
significantly lower maximum values for their datasets with
these values in the range 2.47 - 5.45ppbv. Furthermore, three
sites record dataset maximum values in 2004 and these are
Ferndale, Settlers School and Southern Works. There is a second
grouping of dataset maximum values in 2008-2009 and these are
recorded at Prospecton and Jacobs respectively. There is a third
grouping of dataset maximum values in 2012-2013 recorded at
Grosvenor and Wentworth respectively. The observation that
maximum values appear to fall into three groupings seems to
indicate that the three groupings reflect similar causal factors
at specific locations at similar times. Both Settlers School and
Southern Works are located within close proximity to each

Table 2: Maximum value and year, minimum value and year, difference between maximum and minimum values, linear trend fitted to yearly average
data (2004-2014) and projected yearly average data (2018, 2019) for seven monitoring sites. For comparison, actual data recorded at Wentworth, Settlers
School, Prospecton (2019), Southern Works (2018, 2019) is also presented. Maximum and minimum yearly average values are expressed with standard

deviation in parenthesis.

Monitoring site  Maximum of Minimum of ASO, (ppbv)
data set (ppbv) data set (ppbv)
and year and year

Ferndale 2.47 (1.03) 1.11 (0.64) 1.36
2004 2011

Grosvenor 5.45 (2.01) 3.91 (2.37) 1.54
2012 2009

Jacobs 15.34 (5.97) 5.13 (3.65) 10.21
2009 2014

Wentworth 10.92 (6.03) 3.13 (2.63) 7.80
2013 2012

Settlers School  9.47 (4.73) 4.68 (3.76) 4,79
2004 2013

Southern Works  11.12 (5.46) 5.12 (3.88) 6.00
2004 2011

Prospecton 4.17 (2.24) 1.53 (0.86) 2.64
2008 2019

Gradient of Norm of Projected yearly Actual yearly

linear trend residuals average 2019 average 2019

(ppbv yr?) (ppbv) (ppbv)

-0.084 0.84 0.75 No data

-0.024 1.47 4.34 No data

-0.48 10.07 3.55 No data

-0.19 5.83 5.97 9.40 (5.14)

-0.27 3.51 3.94 5.88 (4.01)

-0.29 5.22 2018: 6.19 2018:7.89 (4.53)
2019: 5.92 2019: 10.02 (8.00)

-0.12 1.66 2.02 1.53 (0.86)
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Table 3: Results obtained from Gustella and Mjoli (2005) for SO, five-year mean (1998-2002) and SO, mean for 2003 with data from this investigation

(2004).
Location Five-year mean (1998 - 2002) (ppbv) Mean for 2003 (ppbv) from Gustella Mean for 2004 (ppbv) from present
from Gustella and Mjoli (2005) and Mjoli (2005) study
Wentworth 18 11 9.61
Southern Works 26 21 11.12
Settlers School 15 14 9.46

other, and Wentworth and Grosvenor form a further pair of
locations presumably similarly impacted by the same factors at
approximately the same time. Minimum values recorded for the
dataset seem to follow a less well-defined pattern. For all sites
excluding Prospecton (minimum recorded in 2019), minima for
the remaining six sites are recorded in the range 2009 - 2014.

Table 2 also illustrates that the greatest difference in maximum
and minimum values is seen in the data recorded at the Jacobs
site (10.21ppbv). This is followed by Wentworth (7.80ppbv),
Southern Works (6.00ppbv) and Settlers School (4.79ppbv).
Thesesitesarealso located closest to the Durban South Industrial
Basin (DSIB) and are presumably more directly impacted by
variability in the emissions from the heavy industry in this area.
Sites such as Ferndale and Prospecton show smaller differences
between the maximum and minimum values for the period of
study. These sites are located further from the heart of the DSIB
- taking Jacobs as a central location, Ferndale and Prospecton
are located 16.72 km and 9.59 km respectively from the Jacobs
monitoring site. These smaller differences between maximum
and minimum values are presumably related to the fact that
emissions have had the chance to disperse substantially before
impacting at these sites.

Inspection of Table 2 shows that fitted trends for all sites are
negative (2004-2014). The site with the largest negative trend
is Jacobs (-0.48ppbv yr?). This is followed by Southern Works
with a value of -0.29 ppbv yr'. The remaining sites fall within
the range -0.024 to -0.27ppbv yr! in decreasing order: Settlers
School (-0.27ppbv yr?), Wentworth (-0.19ppbv yr?), Prospecton
(-0.12ppbv yr?), Ferndale (-0.084ppbv yr') and Grosvenor
(-0.024ppbv yr?). It is important to note that although the
gradients of the linear fits in Table 2 are small, they do indicate
that SO, emissions at all monitoring sites have decreased over
the study period, which is a significant observation.

Comparison of actual data 2018, 2019 (Southern Works), 2019
(Wentworth, Settlers School, Prospecton) with projected data
obtained from the fitted linear trend, indicates that except for
Prospecton, projected yearly averages are lower than actual
yearly averages for these sites. The largest difference between
projected and actual data occurs at Southern Works (2019) with
a difference of 4.10pppbv. For the remaining sites this difference
in descending order is Wentworth (3.43ppbv), Settlers School
(1.94ppbv) and Southern Works for 2018 (1.70ppbv). These
sites are all located in the DSIB and it is concerning to note
that significant differences between actual and projected data
are reported for these locations. The case of Prospecton is

interesting in that it records a smaller than projected value for
2019, indicating that SO, remediation measures in this location
areresultingin a positive impact on ambient SO, levels. It should
also be noted that this site is located in the extreme south of the
chosen study area and is not characterized by the high degree of
heavy industry as seen in the DSIB. Considering the above, it is
important to note, that although three sites report increases in
actual data relative to projected data (which is a concern), the
projected data falls withing the standard deviation associated
with the actual data in all cases (including Prospecton). This
illustrates that although the presence of the data gap within the
dataset is not optimal, its effect is not as significant as might be
initially expected and the comparison of actual and projected
data (2018, 2019) is a useful tool for validating the dataset.

As an aside, a detailed study of the major SO, emitters in close
proximity to these sites would be useful in determining what
has changed 2004-2014 relative to 2018, 2019 to produce the
observed increases. This may be related to changes in the
dominant types of industry in these areas, but also to possible
modification in manufacturing processes that may result in
increased SO, production. A thorough investigation in this
regard could form the basis of a future investigation.

Using the linear fit determined from yearly average data for the
seven sites (2004-2014) and projected data (2019), reduction
in SO, levels (2004-2019) corresponded to the following
sequence: Jacobs (67%), Ferndale (63%), Settlers School (50%),
Southern Works (47%), Prospecton (47%), Wentworth (32%)
and Grosvenor (8%). It is interesting to note that the two largest
reductions are seen at an industrial site followed by an urban
one. However as discussed previously, this finding should be
placed in the contexts of the increases in actual data compared
to projected data seen for Wentworth, Settlers School, Southern
Works and Prospecton.

In Diab and Motha (2007), data were continuously monitored at
Wentworth (1958 - 2005) and results from a long term SO, trend
study presented. Data (ug m?) were derived from SO, bubbler
records based on the hydrogen peroxide method of collection.
Significant changes in ambient air quality were noted, namely
extended periods of increasing trends in SO, interspersed with
shorter periods of decreasing trends. During the 1980’s and
early 1990’s an increasing trend in SO, levels was reported
with levels exceeding 80 ug m= (30ppbv) in 1989 and 1991 and
approximating maximum levels recorded in 1962. After 1991,
SO, concentrations declined, and levels stabilized between 50
- 60 pg m= (19 - 23ppbv) over the following few years. Since
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1998 they reported a further decline to a mean annual value
of approximately 40 pg m= (15 ppbv) by the end of the dataset
(2005). This should be compared with the values obtained
in this work, the maximum value recorded at Wentworth is
10.92ppbv (2013) with maximum yearly average and minimum
yearly average bound in the range 7.80ppbv. Furthermore, the
continuation of the decline in yearly average SO, since 1998,
as reported by Diab and Motha (2007), is confirmed by this
work through the negative linear trend fitted to Wentworth
yearly average data presented here. It is unfortunate that Diab
and Motha (2007) only provided a descriptive analysis of their
dataset, and a linear trend was not calculated (1958 - 2005),
hence no direct comparison of a linear trend is possible with the
present investigation. Comparison is further limited as Diab and
Motha (2007) only contained data recorded at Wentworth.

In Guastella and Mijoli (2005), data from permanent SO,
monitoring stations at Wentworth, Southern Works, AECI and
Settlers School were presented. Measurements of SO, were
undertaken by means of continuous ultraviolet fluorescence
analysers with data logged at five-minute intervals. Data were
recorded for the period 1996 - 2003 at Wentworth, Southern
Works and AECI while data acquisition only started at Settlers
School from 2000 resulting in a comparably shorter dataset
(2000 - 2002). The authors reported that SO, concentrations
were highest at Southern Works where the National Guideline of
19ppbv was exceeded for all years, except 2002. Data recorded
at Wentworth showed that this guideline was also exceeded for
the years 1996 - 1999. They emphasized that for the early part of
their dataset, concentrations at Southern Works and Wentworth
were comparable however in the later part of their dataset,
levels at Wentworth showed a sustained decrease. Although
yearly average data were presented for the above-mentioned
sites, no linear trends were fitted to it, other than to comment

on the obvious average decline in levels as seen in each of the
relevant plots. They did however present mean SO, values (1998
-2002) in comparison with levels recorded in 2003 for Southern
Works, Wentworth and Settlers School (the mean for Settlers
School was only applicable for the period June 2000 - December
2002). Their findings included the following: At Southern Works,
there was anincrease in annual average for 2003 relative to 2002,
however levels in 2003 were still below those of the 5-year mean,
thereby indicating an improvement in air quality. At Wentworth
they noted a substantial reduction in annual average for 2003
relative to the 5-year mean while the annual average 2003 at
Settlers School was consistent with the mean of the previous
two years. A comparison of results obtained by Guastellla and
Mjoli (2005), with those presented in this investigation is given
in Table 3.

Consideration of Table 3 indicates that historically (prior to the
dataset presented here) SO, levels at Southern Works were
substantially higher than those recorded at other monitoring
stations and also exceeded in both instances (five year mean
and mean for 2003) the yearly average exceedance of 19 ppbv
but that by 2004, concentrations have decreased to below this
recommended level. For all three sites, it is also seen that the
2004 yearly average value recorded in the present study is lower
than the mean (1996 - 2002) and 2003 level as presented in
Guastella and Mjoli (2005). This further supports the evidence
that, on average, air quality has improved at these three
locations for the period 1996 - 2004.

Monthly average trends and seasonal

variation

In order to investigate month to month variation in SO, levels at
each monitoring site, monthly averages were calculated for the
entire dataset and for each location. Figure 3 shows a composite
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Figure 3: Comparison of monthly average SO, concentrations (2004 - 2019) for the monitoring stations Grovenor (GR), Wentorth (WT), Settlers School (SS),
Prospecton (PR) Jacobs (JB), Ferndale (FD) and Southern Works (SW). The permissible NAAQS yearly average exposure limit of 19ppbv is indicated by the

solid black line for reference.
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of seven plots, each illustrating the monthly average 2004 -
2019 for the monitoring sites Ferndale, Grosvenor, Jacobs,
Wentworth, Settlers School, Southern Works and Prospecton.
For clarity, error bars have been removed in this figure. This
determination of SO, monthly averages, allows the dataset to be
investigated on a shorter time scale in order to determine more
accurately, individual exposures experienced by those living in
close proximity to the study sites.

In order to investigate month to month variation in SO, levels at
each monitoring site, monthly averages were calculated for the
entire dataset and for each location. Figure 3 shows a composite
of seven plots, each illustrating the monthly average 2004 -
2019 for the monitoring sites Ferndale, Grosvenor, Jacobs,
Wentworth, Settlers School, Southern Works and Prospecton.
For clarity, error bars have been removed in this figure. This
determination of SO, monthly averages, allows the dataset to be
investigated on a shorter time scale in order to determine more
accurately, individual exposures experienced by those living in
close proximity to the study sites.

Figure 3 indicates that on average, all data sets exhibit the well
documented pattern as observed by Diab et al. (2002) and
Guastella and Mjoli (2005), namely high SO, concentrations in
winter and low concentrations in summer. When datasets for
multiple years are displayed together, a characteristic periodic
behaviour is seen. This observation is a direct consequence
of poor dispersion conditions experienced in Durban during
winter. Temperature inversions trap a layer of air close to the
ground causing the build-up of pollutants at this low level. This
effect is further amplified by the fact that the DSIB is located in a
basin type structure which favours the formation of temperature
inversions. These factors all contribute to produce elevated SO,
levels in the cooler months. The observations of these previous
studies are therefore reaffirmed by the present investigation.

Comparison of the monthly data sets reveals that the highest
monthly averages (2004 - 2019) are consistently observed at one
of the three sites: Wentworth, Jacobs or Southern Works. The
exception to this trend is Settlers School which records values
comparable to those at Southern Works during Winter 2010
and Winter 2012. The highest monthly averages for the whole

dataset were recorded at Jacobs during 2008 and 2009 with a
maximum (21.71 +2.82ppbv) measured during June 2009. June
2008 also recorded elevated SO, levels (19.36 + 3.23ppbv) at this
site relative to the rest of the datasets. It is interesting to note
that the years 2008 - 2010 saw unusually high concentrations
of SO, at this location. This is presumably attributable to locally
increased emissions from industry in the area such as change
in operational procedures with resulting impact on emission
profiles.

The lowest monthly averages for the whole dataset are
consistently recorded at Prospecton and Ferndale and these fall
within the approximate range 1 - 7ppbv. Monthly average data
for all monitoring stations appears to follow an approximately
downward trend as would be expected given the negative linear
trend as determined from yearly average SO, data.

Maximum and minimum monthly averages for each monitoring
site (2004 - 2019) were determined and are presented in
Table 4. Anomalous readings that do not conform to the well
documented pattern of maximum SO, levels in winter and
minimum SO, levels in Summer are indicated in Table 4 by (*).

Itis noted from Table 4 that in most instances all sites conform to
the expected periodic pattern of maximum and minimum levels.
However, there are several instances that do not adhere to this
pattern namely: Ferndale - maximum monthly average recorded
in February 2007 and minimum monthly average measured in
May 2012 at Wentworth. For the anomalous maximum reading,
it possible that this corresponds to non-standard emissions
from industry during this time and in close proximity to this site
such that this effect dominated over the increased dispersion
conditions typically experienced in summer. This would be
unusual given that the Ferndale site is situated some distance
from industrial sources.

For the anomalous minimum value recorded at Wentworth,
observed high wind-speed from a south westerly direction may
have also favoured the dispersion of pollutants. The case of
Prospectonis puzzling as both minimum and maximum monthly
average do not adhere to the established seasonal trend. The
reason for this behaviour is unknown. The monitoring sites,

Table 4: Maximum and minimum monthly averages for each monitoring site (2004 - 2019). Anomalous readings that do not conform to the well
documented pattern of maximum SO, levels in Winter and minimum SO, levels in Summer are indicated by (*). Maximum and minimum values expressed

with standard deviation in parenthesis.

Monitoring site Maximum monthly average (2004 - 2019) (ppbv) and date ~ Minimum monthly average (2004 - 2019) (ppbv) and date
Ferndale 4.16 (0.35) February 2007 (*) 0.32 (0.04) December 2012

Grosvenor 9.47 (2.50) June 2004 1.56 (1.14) February 2008

Jacobs 21.71 (2.82) June 2009 0.96 (0.61) February 2006

Wentworth 15.50 (3.80) June 2004 1.75 (1.35) May 2012 (*)

Settlers School 14.40 (6.68) June 2012 1.81 (0.54) January 2011

Southern Works 20.32(7.26) July 2019 2.46 (1.37) February 2011

Prospecton 7.71 (1.91) October 2008 (*) 0.51 (0.19) March 2013 (*)
CLEAN AIR JOURNAL © 2023. The Author(s). Published under a
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Southern Works, Settlers School, Jacobs and Grosvenor do not
show any anomalous behavior in terms of the typical seasonal
trend.

In Guastella and Mjoli (2005), the following long-term trends in
monthly averages were noted: For Wentworth, distinct seasonal
fluctuations in SO, levels were recorded for the period 1996 -
2003 with monthly average concentrations measured in winter
higher than those recorded in the summer months. This dataset
indicated a general decrease in SO, concentrations from 1996
and the authors report that this trend is related to a decrease
in SO, in winter as averages in summer were approximately
constant. The authors propose that this reduction was related
to reduction in emissions from refineries and coal-burning by
smaller industries. At Southern Works, data collection for this
location began in May 1998. Monthly averages (1998 - 2003)
were seen to be fairly variable and the authors stated that this
was clearly related to emission scenarios. This dataset showed
a general decreasing trend over the study period with a slight
increase in 2003. At Settlers School, data collection began
from June 2000. Although this dataset is variable, the long-
term trend in SO, showed an approximate decrease in levels.
Monthly average SO, levels dropped to a minimum for the study
period in December 2002. The results presented in the present
investigation clearly confirm these previous observations in
particular, maximum monthly averages recorded in cooler
conditions with the converse also confirmed. The continued
decline in SO, monthly levels reported in this work is clearly
supported and expands upon this previous study.

In order to investigate seasonal variation in SO, levels at each
monitoring site, average months were calculated for the entire
dataset (2004 - 2019) and for each location. Figure 4 shows a
composite of seven plots, illustrating the seasonal variation for
the monitoring sites Ferndale, Grosvenor, Jacobs, Wentworth,
Settlers School, Southern Works and Prospecton.

Figure 4 indicates that all monitoring stations record a maximum

in the cooler months and minimum in warmer months, which
is in agreement with the previous finding of Diab et al. (2002);

| | | | |

|

Guastella and Mjoli (2005). In Durban, wind speeds are higher
in spring (September - November) while low wind speeds
are typically recorded in autumn / winter (April - June). High
levels of pollutants are generally connected to low wind speed
conditionsin winter and at night / early morning. This is because
of poor vertical mixing and low horizontal transport out of the
source area (South Durban Basin multi-point plan case study
report 2007), (Air quality scoping report, Royal Haskoning DHYV,
2014). The observations presented in this investigation are
clearly confirmed by the above findings.

From Figure 4 it is seen that Jacobs records the highest average
seasonal values for the months June to November as well as
February and April while Southern Works records the highest
seasonal average for the months January and March. For the
month of May, three sites are approximately equal, namely,
Wentworth, Jacobs and Southern Works. The locations Ferndale
and Prospecton consistently record the lowest seasonal SO,
levels.

For all sites, the seasonal maximum is recorded in Winter (June
- August) except for Prospecton which records a maximum in
September. All sites record a minimum in Summer (December,
January, February) except for Ferndale which records a
minimum in early autumn (March). A possible explanation for
this observation may be due to increased dispersion conditions
at this site prevailing later in the year than at other locations.

Theinfluence of biomass burning on ambient air pollution is well
documented (Sinha et al. 2003; Behera and Balasubramanian
2014; Agbo et al. 2021). Savanna fires in Africa, constitute
approximately two thirds of the savanna burned world-wide
and chemical species released as emissions from these fires,
include CO, NO,, SO,, hydrocarbons, halocarbons together
with particulates. It has been reported in numerous sources
(Crutzen and Andreae 1990; Blake et al. 1996; Yokelson et al.
1996 and 2003; Andreae and Merlet 2001, Sinha et al. 2003a) that
the number of Southern African savanna fires peaks in the dry
season (April - October). The effects of these fires on ambient
air pollution levels are further amplified by meteorological
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Figure 4: Comparison of SO, seasonal variation (2004 - 2019) for the monitoring stations Grovenor (GV), Wentorth (WT), Settlers School (SS), Prospecton
(PR) Jacobs (JB), Ferndale (FD) and Southern Works (SW).  The permissible NAAQS yearly average exposure limit of 19ppbv is indicated by the solid black
line for reference.
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conditions during this dry season such as stable air masses,
southeasterly trade winds and subtropical high pressure over
South Africa (McGregor and Nieuwolt 1998). Furthermore, the
presence of stable layers reduces vertical mixing resulting in
pollution build-up close to the surface (Cosijn and Tyson 1996;
Hobbs 2002 and 2003).

Four sites, Ferndale, Grosvenor, Wentworth and Settlers School
show a secondary maximum in September - October which
(given the previous work mentioned above) may be attributed to
the influence of biomass burning at these locations. Prospection
is characterized by a single maximum in September, and it
is possible that for this site, the impact of biomass burning
dominates all other factors influencing the behaviour of SO,
levels at this site.

Table 5 shows a comparison of time and level of maximum,
minimum and percentage change in seasonal SO, levels over
the year (between maximum and minimum), for the seven
monitoring sites. The seasonal percentage change in SO, levels
appears to fall into two separate groups. Ferndale, Grosvenor,
Jacobs and Wentworth are characterized by seasonal
percentage change in the range 122 - 103% while Settlers
School, Southern Works and Prospecton are characterized by
seasonal percentage change in the range 62 - 72%. Assuming
that rainfall is approximately constant for all sites (and that
emission profiles from industry are approximately the same
throughout the year), it is possible that this observation is more
closely related to other dispersion factors such as wind speed.
High percentage changes indicate a greater variability in SO,
levels over the year which must be related to conditions where
more efficient stagnation mechanisms result in pollution build
up in winter. The implication is that winds speeds are therefore
lower in Winter at the sites Ferndale, Grosvenor, Jacobs and
Wentworth, thereby resulting in higher levels of SO, and hence
larger percentage changes between winter and summer levels.
The converse is therefore that Prospecton, Settlers School
and Southern Works experience higher wind speeds in winter,
resulting in less build up pollutants near the surface and hence a
smaller percentage change between winter and summer values

at these locations. Prospecton is an interesting case in that the
seasonal profile at this location is different from the remaining
sites and this is probably the result of other factors impacting on
the seasonal behaviour at this site.

Seasonal averages peryear

In order to investigate the variation from season to season
for each year of the dataset (7 sites), a seasonal average was
calculated in the following way: For each site and each year of the
dataset, an average for Spring (September, October, November),
Summer (December, January, February), Autumn (March,
April, May) and Winter (June, July, August) was calculated. The
results are presented in Figure 5 which is a composite of seven
plots, each illustrating the seasonal averages per year for the
monitoring sites Ferndale, Grosvenor, Jacobs, Wentworth,
Settlers School, Southern Works and Prospecton. The results
are discussed individually for each site below. For clarity, error
bars have been removed from the data points in the individual
graphs.

For each monitoring site (and each year), difference between
maximum and minimum seasonal value (or width of seasonal
envelope) A, ., was calculated together with associated
percentage change. This difference between maximum and
minimum values is clearly a combination of many factors such
as changes in emission profile at the location but is possibly
more representative of differences in meteorological factors
(such as rainfall, wind speed) this is because the effect due to
seasonal changes is generally expected to dominate over the
effect of changes in emission profile over the time period of 3
months (1 season). For comparison purposes, the difference
between minimum and maximum seasonal values is only
significant for years where the average for all four seasons is
available. Furthermore, for each monitoring site, the number of
anomalous observations was calculated as a percentage of the
total number of observations (where this is taken as the reduced
data set using only years where data for all seasons is available).
An anomalous observation is defined as not conforming to the
well documented pattern of maximum in winter and minimum

in summer. For each monitoring site, Table 6 shows 4 . and

Table 5: Maximum and minimum SO, seasonal values and corresponding percentage change over the year for seven monitoring sites. Sites with a
secondary maximum are indicated by (). Maximum and minimum values expressed with standard deviation in parenthesis.

Monitoring site

and month
Ferndale 2.29 (0.88) June

2.19 (*) (1.04) September
Grosvenor 6.28 (2.62) June - July

4.33(*) (2.13) October
Jacobs 12.15 (5.91) August
Wentworth 11.00 (5.55) July

8.57 (*) (4.64) September
Settlers School 8.11 (4.92) August 4,72

6.81(*) (4.02)  October
Southern Works 11.26 (6.73) June
Prospecton 3.65 (2.02) September

Maximum of seasonal variation (ppbv) Minimum of seasonal variation (ppbv)
and month

1.06 (0.58)

2.83 (1.70)

6.00 (3.93)
5.27 (3.34)

6.71 (4.70)
2.25 (1.53)

Percentage change between maximum

and minimum over year
March 116
February 122
January 103
February 109
(3.57) December 72
February 68
January 62
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Figure 5: Seasonal averages per year (ppbv) for the study period 2004 - 2019 at monitoring sites Ferndale, Grosvenor, Jacobs, Wentworth, Settlers

School, Southern Works, Prospecton.

corresponding percentage, average A, . (or average width of
seasonal envelope) and percentage of anomalous observations
in each data set. Values in red indicate years where data for all
four seasons are available. Maximum and minimum 4, _ . are
indicated for each monitoring site.

Table 6 indicates that the largest A, . is recorded at Jacobs
(11.95ppbv) in 2009 while the smallest A, win is recorded at
Prospecton (0.38ppbv) in 2011. Furthermore, during 2004
Grosvenor and Southern Works both record maximum 4,
while in 2013, Ferndale and Wentworth record maximum AMax,
win 1N 2005, Grosvenor and Jacobs record minimum By i N
the case of 2004 and 2005, it is possible that this reflects real
meteorological impacts on SO, levels as the sites Grosvenor
and Southern Works (2004) and Grosvenor and Jacobs (2005)
are in close proximity however the link between Ferndale and
Wentworth (2013) may be more coincidental as these locations
are further apart allowing for more significant differences in
meteorological factors.

Comparison of average difference between seasonal maximum
and seasonal minimum (or average width of seasonal envelope),
for years with all seasonal data available, and for each location,
is in descending order: Jacobs - 6.21ppbv, Wentworth -
5.05ppbv, Southern Works - 3.64ppbv, Grosvenor - 3.62ppbv,
Settlers School - 3.35ppbv, Prospecton - 2.35ppbv and Ferndale
- 1.43ppbv.

From the above it appears that Jacobs and Wentworth (5.05
- 6.21ppbv) form a separate grouping from Southern Works,
Grosvenor and Settlers School (3.35 - 3.64ppbv). Prospecton

and Ferndale have the lowest average difference between
seasonal maximum and minimum 1.43 - 2.35ppbv). The
average difference or width of envelope for seasonal average is
clearly a combination of factors and it seems that at a minimum,
the groupings outlined above constitute locations where the
same sets of factors dominate in terms of SO, fluctuations. This
is evidenced by consideration of the map of monitoring sites in
that Jacobs and Wentworth are closely associated while (with
the exception of Grosvenor) the same is true for the proximity
of Southern Works and Settlers School. Finally, it is reasonable
to assume that since Ferndale and Prospection are the furthest
from the central DSIB, that they would be impacted by lower
industrial emissions and a different set of meterological factors
than those experienced in the DSIB.

In order to understand the above findings, an investigation of
the location of emission sources in close proximity to each
monitoring site and their individual contributions would prove
difficult due to the very varied nature of industry at these sites,
the complicated issue of quantifying the contribution from
individual sources (e.g. factories/manufacturing plants, etc.) but
also the temporal complexity of obtaining such data (if it existed
at all) for the historical period 2004-2014. For these reasons,
the authors have not pursued this line of enquiry in this work.
There is however, limited meteorological information in the
form wind direction and wind speed data for three of the sites,
namely Grosvenor, Wentworth and Southern Works and this was
used to generate wind roses for these locations. This analysis
showed that during summer, the dominant wind direction for
Grosvenor, Wentworth, Southern Works was NNE, NNE and
NNW respectively while in winter, dominant wind direction was
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WSW/SW, NNE and SW respectively. On average, wind speed
at Wentworth was higher for all seasons compared to that at
Grosvenor and Southern Works. Furthermore, assuming that
4ms? is a wind speed capable of efficient pollutant dispersal,
the frequency of occurrence (%) of winds in excess of 4m™, over
all directions, was calculated for the three sites, for summer and
winter. This analysis showed that for Grosvenor, frequency of
occurrence (%) of winds with speed >4 ms* was 12.3 (summer),
15.5 (winter), for Wentworth the corresponding values were 49.0
(summer), 48.5 (winter) and for Southern Works 7.7 (summer),
12.2 (winter). From these results, a counter-intuitive pattern of
behaviour is seen. It would be expected that since summer is
characterized by lower levels of SO, relative to winter, it could be
assumed that the frequency of occurrence for winds in excess of
4ms? should be higher during this season, however the opposite
pattern is seen for Grosvenor and Southern Works, with both
seasons of approximately equal frequency of occurrence for

Table 6: For each monitoring site, difference between seasonal maximum and minimum A

AMux Min

and minimum A

o win @r€ indicated for each monitoring site.
lax, Min

Year Ferndale Grosvenor Jacobs
AMa)(,Min AMax,Min AMax, Min
% % %
2004 1.32 6.27 MAX 4.81
66.4 383.8 45.7
2005 1.33 2.18MN 4,06 MN
115.1 57.9 59.9
2006 1.29 4.06 4.81
154.0 160.7 129.1
2007 1.29 3.36 2.04
81.8 122.0 36.1
2008 0.90 MN 3.65 8.68
123.9 182.2 105.0
2009 1.82 3.60 11.95MAx
173.3 157.62 141.9
2010 1.26 4.23 6.04
115.9 213.8 507.8
2011 0.95 2.57 4.36
163.8 111.8 129.2
2012 - 2.66 4.36
55.6 115.7
2013 2.35MAx - 6.79
467.4 233.1
2014 - - 4,72
1219
2018 - - -
2019 - - -
Averaged, .. 143 3.62 6.21
(ppbv)
Anomalous 33.3 11.1 22.2

observations %

Wentworth. It is possible that this anomaly is related to wind
direction. The phenomenon of higher wind speed increasing
surface SO, levels has been highlighted in Diab et al. 2002.
They reported that high SO, values of up to 40ppbv at Southern
Works were recorded under low wind speed conditions. This
relationship was observed until a critical speed of 3.5 ms* was
reached, at this point a sustained rise in SO, corresponded to an
increase in wind speed. An analogous observation was reported
at Wentworth, where the critical wind speed was slightly higher,
namely 4.5 ms™. They proposed that such behaviour was related
to the location of monitoring stations in relation to principal
SO, sources and could result from stack down-drafting in strong
winds, resulting in high SO, concentrations close to the ground.
They further suggested that this was indicative of SO, emissions
originating from elevated sources such as industrial stacks. The
above results from the present work appear to broadly support
the findings of Diab et al. (2002) and show that similar sets of

wox win (PPDV) and corresponding percentage change, average

and percentage of anomalous observations in each data set. Values in red indicate years where data for all four seasons are available. Maximum

Wentworth Settlers School Southern Works Prospecton
AMa)(, Min AMax, Min AMa)(, Min AMax, Min
% % %
4.28 1.22 6.60 MAX _
55.2 13.3 89.7
4.37 3.09 3.59 1.74
62.4 54.4 351 58.4
3.62 2.51 5.15 0.56
50.2 35.6 65.1 15.1
6.85 1.45 3.09 0.92
145.3 24.8 379 33.9
4.84 3.48 2.05 5.11 M
87.7 77.1 319 299.1
3.65 3.25 1.91MN 1.61
60.2 80.7 33.7 61.9
3.28 5.63 2.86 3.75
68.3 164.5 39.8 273.1
5.51 3.34 4.47 0.38MN
130.5 351.6 114.9 18.4
1.92 MmN 6.68 1A% 4.52 1.68
79.7 121.7 52.5 92.2
11.37 M 0.74MN 2.20 2.03
437.5 17.4 35.0 170.6
2.36 2.76 4.40 3.24
353 63.1 88.4 178.1
- - 2.73 -

48.4
4.86 1.96 0.45 0.38
73.2 38.1 45.4 30.7
5.05 3.35 3.64 2.35
16.7 38.9 333 50.0
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seasonal data points.

conditions are operative at Grosvenor and Southern works (as
evidenced in this study by similar seasonal envelopes). The case
of Wentworth clearly requires a more detailed study to fully
determine relevant contributing factors.

Groupingthesitesintermsoftotal numberofanomalousseasons
expressed as a percentage of the total (for the entire dataset) in
descending order: Prospecton - 50.0%, Settlers School - 38.9%,
Southern Works - 33.3%, Ferndale - 33.3%, Jacobs - 22.2%,
Wentworth - 16.7%, Grosvenor - 11.1%. Excluding Prospecton,
the percentage of anomalous seasons falls in a more closely
bound range 22.2 - 38.9% for sites Jacobs, Ferndale, Settlers
School and Southern Works. It is possible that this percentage
change is related to the impact of dispersion factors at these
sites, increased emissions or both. Wentworth and Grosvenor
appear to form a further grouping. Finally, it is difficult to draw
any further definite conclusions due to the small sizes of the
data sets.

In order to compare seasonal variations between sites,
percentage changes between SO, maximum seasonal value and
minimum seasonal value were plotted for each year and for each
location and are shown in Figure 6. This is only done for years
for which four seasonal data points are available. It is difficult
to draw any firm conclusions from this figure. From 2009-2011,
there appears to be a correlation between Wentworth and
Southern Works together with a correlation between Prospecton
and Jacobs for the same time interval. A number of very large

T
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 6: Percentage change between SO, maximum seasonal value and SO, minimum seasonal value, for each location and years that have all

percentage changes occur in 2004 (Grosvenor), 2008 and 2010
(Prospecton), 2010 (Jacobs), 2011 (Settlers School) and 2013
(Wentworth). The cause of this behaviour is unknown.

Summary and conclusion

Trends in yearly average SO, levels at the seven sites indicated
that no location exceeded the yearly average national guideline
of 19ppbv for the study period (2004 - 2019).

Southern Works, Wentworth or Jacobs consistently recorded
maximum yearly averages (2004-2019) and this is clearly a direct
result of the location of these sitesin the DSIB. In 2004, maximum
was reported at Jacobs (12.09+4.87ppbv), and 2005-2007,
Southern Works recorded maximum yearly averages ranging
11.04+4.99ppbv to 9.83+5.36ppbv, respectively. During 2008,
2009, maxima of 13.27+5.02ppbv and 15.34+5.97ppbv were
observed at Jacobs. In 2011, 2013, Wentworth recorded maxima
of 7.06+4.14ppbv and 10.92+6.03ppbv respectively. During 2010,
2012, 2014, 2018, 2019 Southern Works reported maximum
values ranging 7.85+4.62ppbv to 10.34+ 5.83ppbv. Ferndale
consistently reported low SO, concentrations with minimum
for the entire dataset measured in 2011 (1.11+0.64ppbv). These
observations are clearly a consequence of its location in an
urban environment.

Results of linear fitting to yearly average SO, data (2004-2014)
indicated that SO, emissions show a negative downward trend
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overthestudy period forall monitoringsites. The largest negative
linear trend was recorded at Jacobs (-0.48ppbv yr?) while the
smallest trends were observed at Ferndale (-0.084ppbv yr?) and
Grosvenor (-0.024ppbv yr?). It isimportant to note that although
the gradients of the linear fits are small, they do indicate that
SO, emissions at all monitoring sites have decreased over the
study period, which is a significant observation.

Comparison of actual data for Southern Works (2018, 2019) and
Wentworth, Settlers School, Prospection (2019) with projected
values determined from the fitted trends indicate that although
there are increases in actual data relative to projected data
(Southern Works, Wentworth, Settlers School) and a decrease
(Prospection), the projected data values for these years still fall
within the standard deviation of the actual data recorded. This
illustrates that the effect of the data gap (2015-2018/2019) is not
as significant as might have been expected and this comparison
provides a useful tool for data validation.

Using the linear fit determined from yearly average data for the
seven sites (2004-2014) and projected data (2019), reduction
in SO, levels (2004-2019) corresponded to the following
sequence: Jacobs (67%), Ferndale (63%), Settlers School (50%),
Southern Works (47%), Prospecton (47%), Wentworth (32%)
and Grosvenor (8%). It is interesting to note that the two largest
reductions are seen at an industrial site followed by an urban
one.

Monthly average SO, levels at all sites, displayed the well-
documented periodic behaviour of higher concentrations
recorded in winter compared to lower concentrations in
summer. This is in agreement with previous studies (Diab et al.
2002, who reported trends for Wentworth and Southern Works).
The highest monthly average values were consistently recorded
at one of the three sites: Wentworth, Jacobs or Southern
Works. The highest value of the dataset was 21.71 + 2.82 ppbv
recorded at Jacobs in June 2009. The lowest monthly averages
are consistently recorded at Prospecton and Ferndale with
the lowest value of this data set (0.32 + 0.04 ppbv) recorded at
Ferndale in December 2012.

Seasonal variation in SO, concentration were investigated and
determined that Jacobs recorded the highest average seasonal
values for the months June to November as well as February
and April while Southern Works recorded the highest seasonal
average for the months January and March. For the month of
May, three sites were approximately equal, namely, Wentworth,
Jacobs and Southern Works. The locations Ferndale and
Prospecton consistently reported the lowest seasonal SO, levels.

For all sites, the seasonal maximum was recorded in Winter
(June - August) except for Prospecton which recorded a
maximum in September. All sites recorded a minimum in
Summer (December, January, February) except for Ferndale
which recorded a minimum in early autumn (March). Four sites,
Ferndale, Grosvenor, Wentworth and Settlers School reported a
secondary maximum in September - October. This may indicate

the impact of biomass burning at these locations as the effect of
biomass burning on surface SO, levels is well documented (Agbo
et al. 2021). Prospection is characterized by a single maximum
in September, and it is possible that for this site, the influence
of biomass burning dominates all other factors influencing the
behaviour of SO, levels at this site.

It should be noted that few investigations of seasonal averages
in Durban exist which emphasizes the importance of the present
work. Two short studies (both less than two years in duration)
reported seasonal behaviour at monitoring sites including
some of those employed in this study. In Naidoo et al. (2007),
SO, was monitored at 16 sites using ultraviolet fluorescence
spectrometry methods (January 2004 - October 2005). In a
more recent investigation, Tularam et al., 2020 employed Ogawa
passive samplers to measure SO, levels at 40 monitoring sites,
including 23 sites located in the south of Durban and 17 sites
in the north (July 2015 to June 2016). Both of these studies
reported strong seasonality with on average, high levels were
recorded in winter (June - August) and the lowest levels in
summer (December - February).

Forthefirsttime, thisinvestigation presented analysis of seasonal
averages for each site using a data set longer than 2 years. These
seasonal averages illustrated that on average, cooler conditions
generally favoured higher SO, levels and warmer conditions
were characterized by lower SO, concentrations - which is in
alignment with previous studies. However, there are exceptions
to this rule with Prospection showing the greatest number of
anomalous incidences to this general rule and Grosvenor the
least number of exceptions.

Comparison of average difference between seasonal maximum
and seasonal minimum (or average width of seasonal envelope),
for years with all seasonal data available, and for each location,
indicated that Jacobs and Wentworth formed a separate
grouping from Southern Works, Grosvenor and Settlers School.
Prospecton and Ferndale had the lowest average difference
between seasonal maximum and minimum. The average
difference or width of envelope for seasonal average is clearly
a combination of factors and it seems that at a minimum, the
groupings outlined above constitute locations where the same
sets of factors dominate in terms of SO, fluctuations. The
finding of this grouping is significant as it highlights the range
of seasonal variation for industrial sites vs urban locations, with
associated implications for personal exposure. It should be
noted that the data sets for the calculated seasonal averages at
each site are relatively small and that a larger, more complete
data set would allow for a more accurate determination of the
above grouping. This is clearly an area where further research
is required.

Finally, through the use of a substantially larger dataset coupled
with a range of averaging periods (yearly average, monthly
average, seasonal variation, seasonal average) differences in
exposure scenarios between industrial and urban locations have
been determined together with the characterization of a more
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detailed exposure profile for individuals living and working in
the greater Ethekwini municipality (2004-2019).
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Abstract

About 70% of the roads in low-income settlements are unpaved and close (<15m) to the residences, thus a major source of ambient
and indoor PM, concentrations. International studies have suggested that decreasing vehicle speed and managing vehicle type on
paved or unpaved roads can reduce vehicle dust emissions. These mitigation strategies should be examined before being adopted
and gazetted into the South African air quality management plan. This study aimed to characterise roads and traffic, emphasising
determining the impact of vehicle type on PM, emissions. GIS was used to determine the proportion of paved and unpaved roads. A
traffic counter was used to monitor vehicles and to determine traffic composition, diurnal cycles, and average speed per road type.
Field campaigns (summer; 6 days; 15 hrs per day) were carried out in Bokamoso to monitor on-road vehicle PM, concentration using
a TSI DustTrak DRX® real-time optical aerosol counter. The Box Model method quantifies vehicle PM, emission factors for heavy-duty,
medium-duty, and motor vehicles. About 0.88 km of road within Bokamoso is paved with a daily traffic volume of >2000, and 3.6 km
is unpaved with >250 daily traffic volume. Paved road heavy-duty vehicle non-exhaust PM, emissions reported a positive medium to
strong coefficient of determination to vehicle speed increase with a coefficient of determination of 0.59. Even though there is a positive
coefficient of determination between heavy-duty vehicle non-exhaust PM, emission factors and speed on unpaved roads, it is weak
(0.2) due to low and less variable vehicle speed. Motor vehicle paved and unpaved road non-exhaust emission factors showed no
significant coefficient of determination with increased vehicle speed. Paved road non-exhaust emission factors were not significantly
variable with vehicle type. They ranged between an average of 0.15-0.18 g/km/h, with motor vehicles reporting an average of 0.18 g/
km/h while heavy-duty vehicles reported an average of 0.15 g/km/h. On the contrary, unpaved road non-exhaust traffic PM, emissions
ranged between 0.16-0.3 g/km/h. The emission factors presented may be used to model vehicle traffic emissions, improve on-road
vehicle dust emissions impact assessment and as a guide when deciding on local applicable road dust mitigation strategies.

Keywords

Vehicle dust emissions, mitigation strategies, PM. , paved-unpaved roads

10’

Introduction

Traffic re-suspended road dust comprises loose soil particles
released by moving vehicle friction on paved or unpaved roads.
Road emissions can be line sources when a single vehicle travels
over a distance or continuous line sources when many closely
packed vehicles are moving on the road (Alshetty & Shiva
Nagendra, 2021). Jones (2000) estimated vehicle dust (PM,)
emission per vehicle from the unpaved road to be 0.534 kg/
vehicle km, with varying chemical compositions depending on
the road soil type. Peaks in traffic activity are between 05:00-
09:00, 13:00-14:00 and 17:00 to 21:00 (Nkomo,2018). Traffic
peaks result in hourly road dust emission episodes within low-

income residential areas. A study characterising respirable
indoor particulate matter in South African low-income
settlements reported traces of road dust inside residents' homes
(Language, 2020). Crustal soil was a major contributor to the
total indoor respirable PM, accounting for 34-45% in Agincourt,
13-16% in Giyani, 32-55% in KwaZamokuhle, 9% in kwaDela,
and about 25% in Joubertin (Language, 2020). PM from local
sources such as construction work, vehicles re-suspended
from unpaved roads and regionally transported aerosols were
reported to contribute between 19 to 65% to the total ambient
fine and coarse particulate matter concentrations (Muyemeki et
al., 2021).
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Transporthasbeenidentified as afast-growing source ofambient
pollutants in African countries, with an annual increase of 4% in
on-road vehicle count. (OICA,2014). Due to increased transport
demand, South Africa leads the continent with an annual vehicle
count increase of 6k to 12k. A number of studies based on
African literature report high ambient PM, concentrations (80-
360 pg.m) attributed to traffic emissions (Terrouche et al., 2016;
Zghaid et al., 2009; Lowenthal et al., 2014). Most traffic emissions
published studies investigate exhaust emissions (Kirago et al.
2022; Ayetor et al. 2021). This is also true for South Africa; there
is a vast body of literature reporting on traffic exhaust emissions
(Tongwane et al., 2015; 2021; Mahlangu et al., 2020). However,
there is limited literature on non-exhaust traffic emissions. This
introduces uncertainties when quantifying the contribution of
this source towards degraded ambient air quality and limits the
development of non-exhaust traffic emission control strategies,
standards and regulations.

In developed countries, non-exhaust vehicle emissions account
for 60-90% of measured PM, ambient concentrations (Gilliess
et al., 2003). Jones (2000) estimated South African non-exhaust
traffic emissions (PM ) per vehicle from the unpaved road to be
0.534 kg.km™ with varying chemical compositions depending on
the soil type of the road. However, due to international-based
emission factors, these estimations do not entirely consider
local traffic, road and meteorological characteristics. Worawat
Songkitti et al., (2022) reported an increase of 25% in PM, and

PM, . non-exhaust vehicle emissions when an electric vehicle
payload was increased by 60-70 kg. Developing nations depend
heavily on public transportation (buses and taxis) for long-
distance travel and heavy-duty trucks for transporting goods;
this finding is particularly significant.

Land use features, local meteorology (temperature, relative
humidity, wind), road surface morphology characteristics (size,
shape, pavement, speed humps), traffic flow, composition
and vehicle speed have been reported to have an impact on
vehicle road dust emissions hence the reported high spatial
and temporal variability (Pachon et al., 2021). Vehicle road dust
loading can range between 50mg/m? and 300 mg/m? on the
same street or in different lanes of the same street (Gustaffson
et al., 2019). This emphasises that several micro-scale factors
govern non-exhaust PM traffic emissions and are highly variable
over space and time. Considering this high variability, measuring
non-exhaust emissions using local road, meteorological, and
traffic characteristics is necessary to accurately estimate their
contribution.

Therefore, this study aims to investigate the impact of vehicle
weight and speed impact on non-exhaust traffic emissions
and quantify PM,  emission factors per vehicle class using
empirical field measurements. The emission factors presented
in this article will reduce uncertainties associated with vehicle
traffic emissions' contribution towards ambient air quality.
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Figure 1: Bokamoso low-income residential area location and land use characteristics.
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The reported emission factors add to the dust source emission
inventory in South Africa and will reduce uncertainties
associated with mobile dust sources and improve road dust
particulate matter exposure estimates.

Methods
Study area description and methodology

The North West province is located in a semi-arid area and
ranked third in South Africa regarding people living in poverty
and lacking infrastructure (Stats SA, 2016). It has a paved road
network of 26% and 74% unpaved roads (Department of Public
Works and Roads, 2019). Bokamoso (25.6728 S, 27.3455 E) is a
low-income residential area within the Rustenburg Municipality
selected for the vehicle road dust monitoring campaign due to
the presence of unpaved roads observed to be carrying low traffic
volumes as well as paved roads observed to have higher traffic
volumes. Bokamoso is one of the many low-income residential
areas in South Africa; thus, it is important to understand the
traffic patterns and the emissions associated with such a

2020-10-13

2020-10-14

2020-10-20

2020-10-21

setting. The residential area has a population density of 2724
persons/km? (Stats SA General House Survey, 2022). It has been
reported to have high levels of unemployment, with 18.7% of
the residents having no income (Stats SA Census, 2022). About
30% of the people living in Bokamoso earn between R3 200 -
R 6 366 monthly (Stats SA General House Survey, 2022). The
residential area is characterised by unpaved roads, unpaved
household yards, open soccer fields, and close-by mining and
industrial activities. Bokamoso's land use characteristics and
high population density (2724km?) drive the traffic activity
within the residential area. The field road dust monitoring
campaign took place during the summer.

The road dust monitoring campaign on-site meteorological
station reported an average wind speed of 1.5 m.s* (Figure 2)
with an ambient temperature of 25°C and humidity of 42%
during the campaign period (Table 2).

Experimental setup and data collection

methods
The field monitoring campaign aimed to characterise traffic and

2020-10-15
N

NNE

2020-10-22

Il 0-1m/s

Figure 2: Wind speed and direction for monitoring Bokamoso paved and unpaved road dust.

s 1-2m/s

N 2-4m/s

Il 4-6 m/s B 6-10 m/s

CLEAN AIR JOURNAL
Volume 33, No 2, 2023

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: The impact of vehicle parameters on non-exhaust traffic road PM, emissions

Page 4 of 10

Table 1: Averaged daily meteorological conditions during the road dust
monitoring campaign (On-site meteorological station)

Paved road non-exhaust Unpaved road non-

Road dust i L h i
Monitoring PMm.tra. ic emlssu?ns ex| .au.st PM trf':l |?
campaign :1on|tor|ng campaign em|55|9ns(rjnon|tor|ng
st ays campaign days
October2020 |, 14 15 20 14 15
Wind Speed 122 1.2 NO 1.56 1.51 0.96
(m/s) data

Temperature 21.51 25.7 31 26.9 26.96
(°C)

Relative 55.51 416 28 38 42
Humidity (%)

Rainfall (mm) 0 0 0 0 Drizzling

quantify non-exhaust PM,; emissions from paved and unpaved
roads in Bokamoso took place from 13 October 2020 until 22
October 2020 from 05h:00-21h:00. Three days paved road site
(Tuesday until Thursday) and three days unpaved (Tuesday-
Thursday) road site. Particulate matter concentrations PM,
concentrations were monitored using a TSI DustTrak DRX® real-
time optical aerosol counter. A meteorological station mounted
with a rain gauge, temperature, humidity, and wind sensor was
set up next to the aerosol counter to monitor meteorological
conditions. A traffic counter (Sierzega SR4) captured vehicle
data (type, speed, direction, and count). The experimental setup
was positioned 2 m from the road edge.

A traffic counter was placed next to the weather station in order
to monitor traffic activity and vehicle characteristics such as
speed (km/h), vehicle length (decimeter), and direction (+-).
The instrument uses the measured length to class the vehicles
into categories. Vehicles with (dm) 0 - 20 are classified as
motorcycles or bicycles, vehicles with lengths between 20 - 60
dm are classified as passenger cars, or (Motor Vehicles), vehicles
with a length between 65 - 95 dm are classified as Medium Duty
Vehicle (buses and taxis). Heavy-duty, multi-trailer trucks were
assigned to vehicles with 95 - 255 dm lengths (Palo et al., 2019).
This data determined the hourly composition on paved and
unpaved roads. Also, determine the emission factor variation
per vehicle class (Motorcycles, Motor vehicles, Medium duty and
Heavy duty vehicles) as they differ in weight.

Data analysis methods

Bokamoso open streets, https://www.openstreetmap.org
road shape file, was uploaded into GIS ArcMap and digitised
to determine the proportion of paved and unpaved roads
within the residential area. Descriptive statistics and clustering
analysis was used to classify the vehicles, record their speed,
and determine hourly traffic activity, traffic composition and
sum on paved and unpaved road.

A simple box mathematical model was used to determine on-
road PM,  emission factors as a function of vehicle type, weight,

and speed. The model is based on a mass-balanced principle, as
in Equation 1 (Fontetal., 2014). The source, in this case, the road
"box", has a (width), L (length) and H (height).

uh(c-b)

R .

Where g= emission factor (mg.m?s%); u=wind speed (m.s?); h=
height from the ground where the measurements are taken
(m); c= PM concentration during peak periods (mg.m=) b=PM
concentration during non-peak periods (mg.m?3) L= length of
the road segment for the sampling point (m).

The model assumes that (i) the particulate matter emission
rate from the source and airflow out the "box" is constant and
in equilibrium, (ii) the concentration of the pollutant in the
atmosphere is well mixed, and the airflow within the box is
uniform (ii) other atmospheric processes that lead to secondary
formation of particles and deposition by gravitation are
suspended and insignificant (Font et al., 2014). Specific case
studies from the vehicle counter and DustTrak PM concentration
and meteorological datasets were selected to determine the
impact of vehicle mass on the PM emission factors.

Results

The road network in Bokamoso

Bokamoso has 81% (3.7km) of the unpaved road network, and 19
(0.9km) is paved. The paved roads are covered with asphalt with
an even width of about 6 meters, starting at the residential area
entrance with a double-line road network that runs through the
residential area towards the exit. The residential areas' unpaved
roads are bare soil rough surfaces with multiple road networks
varying widths of 4-8 meters, highly connected and ultimately
connected to the paved road.

"
_%_ Paved and unpaved roads in a low income residential area, Bokamoso

Ungaved Rosds 3 87um
— Paved Roats © 888m

Figure 3: Bokamoso paved and unpaved road network

Traffic characteristics within Bokamoso
Bokamoso paved roads reported an average of 2 119 vehicles
per day and a total of 6 357 in three days. In contrast, unpaved
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Hourly averaged PM10 (ug/m3) concentrations next to Bokamoso paved road
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Figure 4A: Paved roadside PM, concentration measurementsnetwork
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Figure 4B: Paved road day 1 (Tuesday) diurnal traffic composition
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Figure 5B: Unpaved road day 1(Tuesday) diurnal traffic composition
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roads have an average traffic volume of 298 per day and a total of
896 in 3 days. Medium-duty commercial and passenger vehicles
dominate unpaved roads, while medium and heavy-duty
vehicles dominate paved roads. The PM, and traffic count graphs
(Figures 4 and 5) show a strong coefficient of determination
between traffic density per hour and concentration measured.
The paved road monitoring point shows higher concentrations
up to averaged 200 pg.m* with peak concentrations between
05h00-07h00: 09h00-11h00 and 13h00-20h00 (Figure 4A-
D). Unpaved road monitoring concentration peaks are up
to averaged 160 pg.m= with peak hours from 06h00-08h00,
10h00-13h00 and 15h30-19h30 (Figure 5A-D). Unpaved roads
show lower concentrations compared with paved as multiple
unpaved roads (3.7 km) networks feed traffic to the double-line
paved roads (0.9 km).

Impact of vehicle speed on the paved and

unpaved road per vehicle type

Paved and unpaved heavy-duty vehicle emission factors
correlate positively with vehicle speed, Figure 6. The speed
for unpaved roads ranged between 10-30 km.h?, mainly due
to the national set vehicle speed for heavy-duty vehicles on
unpaved roads within residential areas. Therefore, although
there is a positive coefficient of determination between heavy-
duty vehicle non-exhaust PM, emission factors and speed on
unpaved roads, it is weak (0.2) due to low and less variable
vehicle speed. Unpaved road emission factors ranged from
0.05-0.2 g/km/h. Paved road heavy-duty vehicles' speed had a
wider range of 30-70 km.h* compared to unpaved road heavy-
duty vehicles. However, they reported similar emission factors
(0.05-0.3 g/km/h). Paved road heavy-duty vehicle non-exhaust
PM,, emissions reported a positive medium to strong coefficient
of determination to vehicle speed increase with a coefficient of
determination of 0.59.

Medium-duty vehicle PM, emissions for paved roads showed
a weak linear coefficient of determination (0.2) with vehicle
speed, while unpaved road emissions showed a positive, strong
linear coefficient of determination (0.89) with vehicle speed
(Figure 7A). Overall, paved road medium-duty vehicles reported
higher PM, emission factors (0.05-0.325 g/km/h) than unpaved
road medium-duty vehicles. This can be explained by the overall
high-speed range for paved (24-61 km.h?) road medium-duty
vehicles compared to unpaved road medium-duty vehicles (8-
20 km.hY).

Motor vehicle paved road non-exhaust emission factors showed
no significant coefficient of determination with increased vehicle
speed (Figure 8). Most of the emission factors were below 0.4 g/
km/h with speeds ranging between 10-60 km.h™. Unpaved road
motor vehicle emission also showed no significant coefficient
of determination (0.2) with vehicle speed, with most emission
factors below 0.25 g/km/h with speeds ranging between 8-22
km.h . This might mean further regulating or reducing motor
vehicle speed for unpaved and paved roads may not significantly
reduce non-exhaust motor vehicle PM  emissions.

Variability of vehicle PM emission
factors per vehicle type on paved and

unpaved roads

PM,, emission factors for five vehicles per vehicle class were
calculated using the box model to investigate paved and
unpaved road PM, emissions as a function of vehicle weight
for the different vehicle categories. Figure 9 shows a variation
of non-exhaust traffic PM, emissions per vehicle type on paved
and unpaved road surfaces. Paved road non-exhaust emission
factors were not significantly variable. They ranged between
an average of 0.15-0.18 g km/h, with motor vehicles reporting
an average of 0.18 g/km/h while heavy-duty vehicles reported
an average of 0.15 g/km/h. On the contrary, unpaved road
non-exhaust traffic PM,  emissions ranged between 0.16-0.3 g/
km/h. On unpaved roads, medium-duty vehicles reported the
lowest average (0.16 g/km/h), followed by motor vehicles (0.18
g/km/h), while heavy-duty vehicles reported the highest (0.3 g/
km/h) average non-exhaust PM, emission factor.

The emission factors have a limitation of being a small sample
size. Only seven case studies per vehicle type were used to
derive the averaged emission factors as this was a real-world
field monitoring campaign, and other variables that significantly
impacted the emissions, like ambient wind speed and vehicle
speed, were difficult to control. Unpaved road monitoring sites
had higher emission factors but lower traffic density as there
are multiple road networks within the residential area. Paved
roads had lower emission factors but higher traffic density as
all unpaved road networks within the residential area feed
traffic to paved roads. Also, the box model method tends to
underestimate emissions calculated when the wind speed is
extremely low or high (Haustein et al., 2015).

Discussion

About 80% of Low-income residential area's road network is
unpaved and highly connected, thus containing many cross-
section braking zones (T junctions, four-way stops) (Gwilliam et
al., 2008). This is true for the Bokamoso residential area's road
network, as seen in Figure 3. Low-income residential unpaved
roads have no flood control infrastructure, poor drainage
systems and lack traffic management infrastructures (Nkomo,
2016). They also have a high deterioration rate with a lifespan
of less than one year (Saha and Ksaibati, 2017). This decreases
overall air quality in surrounding areas as unpaved roads and
sidewalks are an infinite source of loose soil particles, especially
during non-rainy seasons.

It has been reported that traffic counts have a low coefficient
of determination (0.55-0.65) with non-exhaust PM,  emissions
factors since traffic-heavy paved roads are not effective dust
reservoirs (Schaap et al., 2009; Amato et al., 2013; Abu-Allaban
et al., 2003; Etyeme-zian et al., 2003). In addition, Padoann et
al., (2017) reported higher PM, emissions from secondary paved
roads with fewer than 1000 vehicles per day compared with
primary roads with over 2000 vehicles per day. These results
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Correlation of heavy duty PM10 emission factors
with vehicle speed on unpaved road
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Figure 6A: Coefficient of determination between vehicle speed and PM ,
emissions for heavy-duty vehicles on unpaved roads
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Figure 6B: Coefficient of determination between vehicle speed and PM,
emissions for heavy-duty vehicles on paved roads
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Variation of PM10 non-exhaust emissions per vehicle type
on different road surfaces

0.35
0.3
0.25

0.2 m Paved road

0.15 ® Unpaved road

0.1

0.05

Averaged PM10 emission factors (g/km/h)

Heavy Duty Vehicle Medium duty vehicle Motor vehicle

Vehicle Type

Figure 9: The impact of vehicle weight on paved and unpaved road PM, |
emission factors

may not apply to South African low-income paved residential
roads as unpaved sidewalks, household yards, and recreation
areas continuously supply loose soil particles to adjacent paved
roads. This explains the higher PM, concentrations (0.5-1.5
mg.m3) on the site of the paved road when compared to the
unpaved road (0.2-0.6 mg.m) in Bokomo's site.

Local meteorological factors such as ambient wind speed and
relative humidity affect non-exhaust traffic emissions. Panchon
et al., (2021) investigated seasonal impact on road dust loading
for 41 sites within Bagota. The results showed doubled dust
loading measurements in the dry season (1.8-45 mg.m?)
compared to the wet season (1-22 mg.m2). This is because soil
moisture decreases road surface dust emission strength and
loose soil particle availability (Munkhtsetseg et al., 2016). The
results presented in this paper are from summer road dust
monitoring field campaigns; hence, they may be applicable
only in summer, and non-exhaust traffic emission estimates for
paved and unpaved roads in winter are expected to be higher.

About 63% of South African low-income residents use buses and
taxis (Nkomo et al. 2016;2018). The North West province's public
transport composition in 2003 was mainly taxis (64%), buses (30)
and trains (6%); these statistics increased in 2013 to 67% (taxis)
and 21% for buses (National Household Transport Survey, 2003
and 2013). Residents working close to the residential areas use
bicycles or private staff public transport (motor vehicles) to work
or nearby destinations. According to the National Household
Transport Survey, 2013, about 42.4% of low-income South
African residents walk to workplaces, 38% use public transport
(buses, taxis and trains), while 18.8% use motor vehicles. This
correlates well with Bokomo's unpaved road traffic composition
as there is a substantial amount of bicycles, especially on
unpaved roads. The medium and heavy-duty vehicles on the
unpaved road are mostly taxis and buses (public transport); on
the paved roads, they are mostly trucks and heavy-duty trucks
transporting goods to nearby areas.

There is a portion of low-income residents that prefer private
staff transport (motor vehicles) due to public (taxis) transport,
long departure waiting periods, and poor road infrastructure

that decreases riding quality (Feikie et al. 2018). This could
explain the significant countin motor vehicle class compositions
as seen in Bokamoso's residential area paved and unpaved road
traffic diurnal cycles. The recent (2021) South African state of
traffic report showed a vehicle increase count of 2.28 % (13,712)
for the North West province from the year 2019-2021. However,
at the national scale, low-income residents (quintile 1) only
own 6% of the total registered motor vehicles in South Africa
(National Household Transport Survey, 2019).

Kuhns et al. (2003) stated that an increased vehicle weight
and speed increases the amount of non-exhaust traffic PM
emitted. This is because an increase in vehicle speed increases
ambient wind turbulence between vehicle tires and, therefore,
may increase non-exhaust traffic emissions on unpaved roads
or paved roads with loose soil particles. Hussein et al. (2008)
supported this and reported high dust (10 times greater)
concentration measurements for a vehicle travelling at 100 km.h!
compared to a vehicle travelling at 20 km.h™. (Amato et al., 2017)
identified that when speed had increased from 80 to 110 km.h,
the mean PM concentration was higher with increased vehicle
speed. Similar findings are reported for Bokamoso's unpaved
roads. A positive coefficient of determination of 0.86 and 0.47
between vehicle speed and PM_ emission factors was reported
for medium and heavy-duty vehicles, respectively. Both these
vehicles showed a positive coefficient of determination on
unpaved roads, except for motor vehicles. This difference in
the coefficient of determination relationship could be because
of the average speed limits and weight differences. Motor and
medium-duty vehicle speed limit on unpaved roads ranged
between 8-21 km/h. The speed limit for heavy-duty vehicles
ranged from 10-32km/h. Motor and medium-duty vehicles
showed a low coefficient of determination (0.01;0.19) between
vehicle speed and calculated PM, emissions for paved roads.
However, there was a positive coefficient of determination for
heavy-duty vehicles on paved roads (0.63).

Vehicle type, weight and length mostly determine the vehicle
wheel size, count and type. Vehicle wheel type varies per vehicle
class, while vehicle wheel count and size tend to increase from
lowest vehicle (Motorcycle) class to highest (heavy duty vehicle)
(Wenzel,2010). Gillies et al., (2005), found a variation in non-
exhaust PM emission factors per vehicle type, with heavy-duty
vehicles having higher (48 g km*h™) PM  emission factors when
compared with light-duty vehicles (0.8 g km*h). Other studies
(Schaap et al., 2008 : Amato, 2012) found that heavy-duty
vehicles' non-exhaust PM, emissions were up to 9 times higher
when compared with motor vehicles, which showed a low
coefficient of determination with an almost negative coefficient
of determination line.

The study has limitations, several other sources of PM in
residential areas, such as domestic burning, and yard sweeping,
may lead to an overestimation of the traffic PM, concentration
recorded by the aerosol counter. The study was conducted
during the COVID-19 lockdown period; therefore, the traffic flow
or counts at 05h00 am and 21h00 may be overestimated due to
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the lockdown curfew times, which were set to be 04h00- 22h00.
Other vehicles use a different road or decrease speed when they
see the instrument set up. Therefore, this may result in over and
under estimation of the calculated emission factors and may
not be applicable under normal traffic conditions. The aerosol
counter (DustTrak) has high precision; however, it has been
reported to underestimate ambient PM, coarse concentration
by 20% and overestimate PM fine fraction by a factor of 2 (Javed
and Guo.,2021). Inthe case of traffic, the traffic counter (Sierzega
SR4) could experience vehicle counting and classification errors
(Kijewska and Iwan, 2019).

Conclusion

More than 80 % of the roads in Bokamoso low-income residential
areas are unpaved and are a daily source of particulate matter,
with peak emissions reported during traffic rush hours. The
residential area has a high traffic activity driven by the area's land
use characteristics. Bokamoso paved roads reported an average
of 2 119 vehicles per day and a total of 6 357 in three days. In
contrast, unpaved roads have an average traffic volume of 298
per day and a total of 896 in three days. Paved and unpaved
heavy-duty vehicle emission factors correlate positively with
vehicle speed. Paved road heavy-duty vehicle non-exhaust PM, |
emissions reported a positive medium to strong coefficient of
determination to vehicle speed increase with a coefficient of
determination of 0.59. Even though there is a positive coefficient
of determination between heavy-duty vehicle non-exhaust PM
emission factors and speed on unpaved roads, it is weak (0.2)
due to low and less variable vehicle speed. Motor vehicle paved
and unpaved road non-exhaust emission factors showed no
significant coefficient of determination with increased vehicle
speed. Paved road non-exhaust emission factors were not
significantly variable with vehicle type. They ranged between
an average of 0.15-0.18 g/km/h, with motor vehicles reporting
an average of 0.18 g/km/h while heavy-duty vehicles reported
an average of 0.15 g/km/h. On the contrary, unpaved road
non-exhaust traffic PM,  emissions ranged between 0.16-0.3 g/
km/h. The study results will inform decisions regarding road
dust emissions interventions in South Africa. The authors
recommend a laboratory-based study to further investigate the
impact of vehicle characteristics on road dust emissions.
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Abstract

A comprehensive physicochemical characterization of transport-emitted aerosols containing in vehicle exhaust emissions derived
from the combustion of fuels such as diesel, premium gasoline, and unleaded gasoline was performed in this study by employing
a range of analytical techniques (Laser granulometry, X-ray Fluorescence (XRF), Fourier Transform Infrared (FTIR), X-ray diffraction
(DRX), Scanning Electron Microscopy (SEM), and Thermogravimetry). The X-ray diffractogram of diesel (D) derived aerosols showed
an amorphous structure while those of unleaded gasoline (UG) and premium gasoline (PG), showed amorphous crystalline phases.
The chemical composition of D, PG and UG derived particles was dominated by aliphatic C-H groups of alkanes with relatively low
C=0 groups of carboxylic acids, ketones, aldehydes, esters, lactones, and sulphate (SO,*) inorganic salts. The nitrogen-containing
functionality (NO,-) was specific to particles of PG and UG. Laser particle size analysis showed fine particle sizes (Range) generated
from diesel exhausts, thus making them dangerous when inhaled, as they can penetrate deeply into the human airways and become
incorporated into the blood stream damaging more other viscera.

Keywords
Air pollution, combustion particles, physicochemical characterization, traffic emissions, environmental toxicity, exhaust gas
suspension

Abbreviations

Diesel: D, unleaded gasoline: UG, premium gasoline: PG, FTIR: Fourier transform infrared spectroscopy; XRF: X-ray fluorescence; DRX:
X-ray diffraction; SEM/EDX: Scanning Electron Microscopy/energy-dispersive X-ray analysis; TGA: Thermogravimetric analysis; DPM:
Deposited particulate matter; PM: Particulate Matter.

Introduction

Suspended particulate matter (PM) is one of the major air
pollutants affecting human health (Mico et al., 2015; Chernyshev
et al.,, 2019; Lemou et al., 2020, Valavanidis et al., 2008,
Popovicheva et al., 2014). The health effects of air pollution,
observed in both indoor and outdoor environments, are of great
concern because of the high risk of exposure even to relatively
low concentrations of air pollutants (Rabhi et al., 2018). It is
estimated that over 7 million deaths occur worldwide each
year because of exposure to air pollution affecting the lungs
and respiratory system (Lemou et al., 2020; Alves et al., 2023).
The size, concentrations and compositions of the particles

in the air, which can penetrate deep into the lungs and mix
with the bloodstream have health implications (Yusuf et al,,
2022). The aerosol particles are complex and heterogeneous
in their physical features, chemical composition and origin.
These physical and chemical features are different, due to the
large variability of emission sources and formation and post-
formation processes. Depending on the size of the particles, they
remain in suspension long enough to penetrate the respiratory
tract (Taunton et al., 2011). Information on particle size, shape,
and elemental composition is essential for understanding the
contribution of emission sources (Mico et al., 2015).
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In this work, the microstructure and chemical composition of
deposited particulate matter from different vehicle exhaust
emissions was investigated. It has been reported that particulate
matter from diesel engine exhaust is a complex mixture of
organic molecules such as insufficiently oxidized carbon, metal
oxides, sulphate and nitrate groups (Boughedaoui et al., 2004).
The properties of these particles depend on some characteristic
such as engine operating conditions, fuel composition,
lubricating oil and exhaust gas filtration equipment (Taunton et
al., 2011). Depending on the physical and chemistry properties
of different sizes of particles, and the great variability of their
emission, they remain suspended for enough time to penetrate
into the respiratory tract ( Taunton et al., 2011; Mico et al., 2015).

Theenvironmentaleffects of rapidindustrialisation, urbanisation
and energy demand have resulted in countless incidents of air,
soil, and water contamination with toxic pollutants, threatening
humans and ecosystems with serious health risks (Manisalidis
et al., 2020; Yusuf, et al., 2022). Transportation activities have
become a significant source of pollution due to the large number
of pollutants released during the incomplete combustion (Yusuf,
etal., 2022).

In Algeria, where urbanization and motorization are developing
rapidly during the last few decades, degradation of air quality
and adverse health effects are already perceived (Yassaa et al.,
2001a; Yassaa et al., 2001b; Boughedaoui et al., 2004; Kerbachi
et al., 2006; Ladji et al., 2009a ; Ladji et al 2009b). The population
growth in Algiers conurbation has resulted in about a 50%
increase of the car fleet between 2002 and 2020. The National
Office of Statistics (ONS) reported that Algiers had 1,731,664
vehicles for 3.1 million inhabitants in 2020. This important
growth has contributed greatly to air pollution in the Algerian
Capital (ONS, 2020).

In recent years, diesel engines have played an important role
in transportation operations due to their low maintenance
requirements, fuel economy and better performance (Yusuf,
et al., 2022). However, diesel engines are classified as a major
source of atmospheric pollutants, posing a serious risk to human
health (Yusuf, et al., 2022).

Most diesel exhaust studies were aimed at obtaining
information on the average chemical characteristics by bulk
analysis techniques, while characterizing individual particles is
important for health impact assessment, providing the chemical
composition and morphological information at the microscopic
level. The particle analysis can reveal the types of particles of
major signatures in the vehicular exhausts (Toner et al., 2006;
Chernyshev et al., 2018).

According to the investigation realized about market fuels in
Algeria, five types fuels for gasoline and diesel engines are largely
used: normal petrol, premium gasoline, unleaded gasoline, gas
oil and liquefied petroleum gas fuel (LPG/F), which covers all
automotive and industrial applications. The main fuels that
are extensively used in Algeria are investigated in our work for
determining their characteristics.

Automobile gasoline (normal petrol, premium gasoline and
unleaded gasoline) is light hydrocarbon oil used as fuel in spark-
ignition engines. Its distillation temperature is between 35 and
200°C, while diesel oil is a heavy oil composed of a mixture of
hydrocarbons (paraffinic, naphthenic, aromatic and olefinic)
whose distillation temperature is between 200 and 380°C, their
flash point is always greater than 50 and their greater density
than 0.82(unit) (Sarikog, 2020).

The premium is of the same nature as regular gasoline; its
composition differs from gasoline by the higher benzene content
(4 to 6%) due to the decrease in lead content; the higher sulfur
content (0.5%). The unleaded super has totally supplanted the
super lead. The additives used are MTBE (methyltertiobutyl
ether), the most used additive, and benzene added to improve
the octane number (Sarikog, 2020).

As regards to annual consumption, according to the
Hydrocarbons Regulatory Authority (ARH) from the Ministry of
Energy and Mines (Algeria), for the year 2022, diesel consumption
has reached 10.1 million tonnes (MT), an increase of more than
4% compared to 2021, estimating that this consumption "should
continue to increase thanks to the economic growth recorded
in Algeria". On the other hand, the consumption of liquefied
petroleum gas-fuel (LPG-c) increased by 20%, reaching 1.5 MT in
2022, compared to 1.2 MT in 2021, thanks to the efforts agreed
upon by different actors for several years to promote this eco-
responsible product offered to the consumer at a very attractive
price (9 DA/litre) compared to other types of fuel, in addition to
many other incentive measures. On the other hand, gasoline
consumption fell by 2.26% to 3.3 MT, compared to 3.4 MT in 2021.
A drop that is explained by the increase in LPG-c consumption,
which should reach 6.8 million tonnes by 2050, knowing that
the production capacity of this fuel is currently estimated at 4
million tonnes per year.

This paper aims to characterize the microstructure and
chemical composition of deposited particulate matter (DPM)
in the vehicular exhaust emissions of different engines; diesel,
premium gasoline and unleaded gasoline vehicles. The actual
parameters measured (e.g. size, chemical composition, etc.) was
performed by Laser granulometry while the physicochemical
analysis was achieved by X-ray Fluorescence (XRF), Fourier
Transform Infrared (FTIR), X-ray diffraction (DRX), Scanning
Electron Microscopy (SEM), and thermogravimetry (TG) were
employed for spectral characterization.

Materials and methods
DPM collection

The process of DPM involved gathering particles left on the
surfaces of various vehicles' exhaust pipes. The samples were
protected from light and moisture until analysis. It is important
to note that all surfaces or walls of the exhaust pipes were
carefully cleaned using a dry cloth and the considered sample
particulates were collected one year later, so these sample
particles resulted from one-year accumulation on the walls of
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DPM Collection

Physical and Chemical
Characterization

XRD, XFR, FTIR, SEM/EDX,
Laser Granulometry, ATG and DSC

Figure 1: Collection of DPM and the instruments used for their
characterization.

the exhaust pipes. For reproducibility, at least three samples for
each fuel type were used for each analysis. It should be noted,
the samples were homogenised and analysed as a single sample
for both super gasoline and unleaded gasoline.

Description of cars and buses utilised in
this study

The emissions of light cars of different manufacturers, with
an age of between 2 and 10 years were investigated. In this
contribution, the selection was made as follows: (i) two vehicles
using super gasoline fuel, (ii) two others using unleaded gasoline
fuel (UG). Also, DPM of diesel (D) was collected from a large (40
person) bus in the year 2013.

DPM characterization
XRD analysis of DPM was performed on a Siemens D-5000
diffractometer with Cu- Ka radiation (1.5418 A°).

DPM XRF analysis were conducted by Rigaku ZSX Primus Il X-ray
Fluorescence Spectrometer, elementary coverage: “Be to *U.

Closing window, Rh-anode, 3kW or 4 kW, 60kV. Primary X-ray
filter: Al25, Al125, Ni40 and Ni400. Heavy Element Detector:
Scintillation Counter (SC).

FTIR analysis of the particle chemical composition was
measured using Bruker Brand Spectrometer in a transmission
mode, at 2 cm™ resolution.

Individual DPM were examined using the SEM/EDX of the
Brand Quanta 250 with tungsten filament produced by FEI
field emission scanning electron microscope, with a maximum
resolution of the images: 3584 x 3094 pixels (16 bits). EDX Bruker
system EDS Quantax 200 for X-ray microanalysis images in
secondary or backscattered electrons (topographic information
and compositional contrast) with a lateral resolution of 0.1 um
approximately (magnification up to 20,000).

The equipment used for volumetric distribution measurements
by laser granulometry was a MALVERN MATERSIZER 2000
granulometer, equipped with Scirocco as a dry dispersion
accessory; sensitivity normal, absorption 0.1 and obscuration
5.68%.

Thermogravimetric (TG) analysis of DPM was done on a Thermal
Analyst (Setaram Set Sys 16/18). Analyses were carried out in
flowing air at a constant heating rate of 10 °C min (25-950 °C).

The procedure for the collection of DPM and the instruments
used for characterization were summarised in Figure 1.

Results and discussions

Mineralogical analysis and chemical
composition by XRD and XRF techniques
As shown on Figure 2, three peaks are seen on Diesel

diffractogram, ranged from 10 to 40°. The first one is weak, at
17.41°.

P: Poly (amidothioetheramine)
C: Carbon

Intensity (Counts)

50 100 a: Si02
b: AiPOs
c: BPO:
d: CaCOs
¢: Fex0s
£: PbSO:

Intensity (Counts)

|
80 100 a: Sidn

b: CusHsCL

¢: PbCliosBrosz
d: CaCOs

e: Fex0s

f: PbSO:

2 AbOs

Intensity (Counts)

0 20 40 60 80 100
Position 2 Theta (°)

Figure 2: XRD spectrum of engine particles s: a-Diesel (D), b- Premium
gasoline (PG), c- unleaded gasoline (UG).

The two others located at 24.76° (002) and 43.15° (101), can be
attributed to the presence of carbonic phase (graphite) as the
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Figure 3: Basic composition of engine emissions determined by XRF.

major phase, which was confirmed by XRF (85.9% of carbon)
(Guo et al., 2015), Figure 3.

In contrast, as indicated in Figure 1, unleaded gasoline (UG) and
premium gasoline (PG) diffractograms confirm the presence
of crystalline phases with greater intensities in the range [20°
to 50 °]. The identification of these peaks reveals the presence
of silicates (quartz: SiO,), oxides (Fe,0,), sulphates (PbSO,),
phosphates (BPO,, AlPO,), carbonates (CaCO,) and other
compounds (Satsangi and Yadav, 2014).

By comparing UG to PG diffractograms, peaks attributing to
C,H,CL, (dichloroanthracene) and PbCl Br, occurred only in
PG samples. This result can be explained by the existence
of a non-burned fraction of PG. The presence of some peaks
at low intensities in different positions in both PG and UG
diffractograms can be attributed to impurities present during
sampling, including dolomite (CaMg (CO,),, iron-zinc oxide
(ZnFe,0,), sulfate: magnesium (MgSiO,), calcium-aluminum
(KAISi,0,), and phosphate (BPO,, AIPO,, PbSO, PbMoO,) (Figure
4 (a,bandc)).

Comprehensive XRF analysis of the particles from the PG and
UG engines as depicted in Figure 3, were similar and consisted
mainly of Carbon 55.8% and 50.3% by weight, respectively.

The composition of Pb in the particles of PG (14.3% by weight)
was greater than that of UG (8.14%). This result can be attributed
to the parallel use of two fuels. The presence of element B in
vehicles without Pb (3.08% by mass) was also detected. Other
trace elements such as Mg, P, K, Mn, Ni, Zn and Mo may be due
to the impurities that can accumulate on the exhaust pipes
of the various vehicles, which were derived essentially from
the external environment such as the deposit of sludge, the
products of maintenance during the washing of the vehicles.

The non-carbon content can be divided into two groups: (i)
elements derived from motor oil additives; P, S, Ca, Zn, Mg, Mo,
and probably Na; and (ii) elements of used metals; Fe, Cr, Al, Cu,
and Br (Uy et al., 2014).

Fourier transform infrared spectroscopy
(FTIR)

Figure 5 shows FTIR spectra of considered samples produced

98.32%

86.73%

UG D

i Bl co: [ B203
Bl VO [ AI203
Bl sio2 [ P05
B sos K20
Blcao [l vnO
I Fe203 [ Nio
Bz []zZr02
Bl 2020 [l MoO3

PG [ ]ppbO

Figure 4: Engine emissions of oxide composition by XRF: a-Diesel,
b-Unleaded gasoline and c- Premium gasoline.

from diesel engines, premium gasoline and unleaded gasoline
vehicles. These spectra are similar, showing the same vibration
frequencies with differences in peak intensities. Indeed, PG
super FTIR spectra is characterized by a peak with high intensity
at 2922.67 cm, whereas it appears lower in the spectra of the
two other samples. This can be explained by the presence of
asymmetric vibration of CH, groups. These results are similar
to those reported in the literature (Guerrero et al., 2013;
Popovicheva et al., 2014; Sahu et al., 2016).

Absorbance

T T T
4000 3000 2000 1000

‘Wavenumber (cm™)

Figure 5: Comparative FTIR Spectra of the engine emissions.

Absorption between 1700 and 1590 cm™ generally correspond
to the C=0 stretching vibrations. Also, other absorption peaks
are seen in 1700-1000 cm™ region. The most important ones
correspond to the stretching vibrations of C=0 of carboxylic
acids (Manoj et al., 2012; Sahu et al., 2016). The peak at 1745
cm? corresponds to the carbonyl groups of esters while that
at 1533 cm™ corresponds to the C=C bond vibrations resulting
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Figure 6: SEM images of the engine particles: a-Diesel, b-Unleaded
gasoline and c- Premium gasoline.

from the aromatic ring or alkene functional groups (Guerrero
et al., 2013). The massive absorption in 1400-1450 cm™ region,
and the peak at 1374.64 cm™ can be attributed to the symmetric
and asymmetric alkyl group vibrations (Guerrero et al., 2013;
Popovicheva et al., 2014).

The bands lying between 1550 and 1380 cm™ correspond to C=C
bond vibrations of the aromatic group (Sahu et al., 2016). The
aliphatic C-H plane deformation of CH,/CH, groups were found
in 1380 cm™ and 1445 cm, respectively (Manoj et al., 2012). The
peak at 1162.17 cm™ in both premium gasoline and unleaded
gasoline correspond to the O-C function. The response around
1020 cm™ can be attributed to the functions C-O-C and C = O,
0-S, P-OR, Si-OR in all three samples (Sahu et al., 2016). The
bands appeared in the 1000-1300 cm™ region is a characteristic
of C-C aromatic functions and C-H plane deformation, but the
most important structure correspond to C-O-C ether (Manoj et
al., 2012; Guerrero et al., 2013). The bands lying between 1100
and 1170 cm™ correspond to the C-CH,-O vibrations, C-O-C
asymmetric vibrations and C-C stretching groups (Guerrero et
al., 2013). The two peaks at 594.26 and 626.46 cm™ correspond
to SO,* ion (Popovicheva, 2014) produced due of sulfur
contaminants in the fuel or oil.

Peak at 874.38 cmin spectra of premium gasoline and unleaded
gasoline can be probably explained by NO.- ions resulting from
the higher nitrification of the particle surface in the fuel exhaust.

Scanning electron microscopy (SEM/EDX)
As it can be seen on Figure 5, the microscopic images of
particles resulting from D, UG and PG indicate similarities in
their morphological features. There are two forms, a spherical
shape resulting from the combustion of organic matter (fuel)
and a non-regular angular shape (irregular structure) which
corresponds to the inorganic elements present in the fuel (Pb)
and were originated from the external environment (aluminum
silicate and calcium silicate). This can be explained by the fact
that particles have been found spherical with the tendency to
agglomerate and collect on the surface. Diesel particles are
vague and can undergo some decomposition under the SEM
beam.

Laser granulometry

From Figure 7 and Table 1, one can infer that size particles
emitted by the different engines vary between 0.14 and 478.63
um. The average diameter of diesel particles D was 4.49 um, the
maximum particle size was 15.13 um and the minimum was 0.21
pm.
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Figure 7: Particle size distribution of particles: D, UG and PG.

The average diameter of aerosol particles emitted from the
combustion of premium gasoline (PG) and unleaded gasoline
(UG) were 12.86 and 72.32 pm, respectively. It is worth noting
that the particle size is finer in the case of Diesel, making them
dangerous once inhaled, as they can reach deep inside the
respiratory tract and get incorporated into the blood stream
further damaging other viscera (Kim et al., 2015; Maricq and Xu,
2004; Mathis et al., 2005; Oh et al., 2011; Chiatti et al., 2016; Sahu
etal., 2016).
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Interestingly, it is important to highlight that analysis resulted
from laser granulometry matched those very well performed by
the SEM.

Table 1: Particulate Size Distribution of Diesel (d10, d50 and d 90),
Premium Gasoline (PG) and Unleaded Gasoline (UG).

Unleaded
Gasoline

Premium

AITEEC Gasoline

[Dmin-Dmax](um) 0.209-15.136 0.275-478.630  0.138-416.869

d(0.1) (um) 0.937 3.332 2,571
d(0.5) (um) 4.495 12.863 72.329
d(0.9) (um) 9.720 229.205 361.373

Thermal analysis (TGA and DSC)

TGA /DSC analyses were applied to determine the fraction of
volatility and oxidation properties of the particles produced
by the three types of engines. Figures 8 and 9 show the typical
weight loss curves and DSC signal of the three types of particles,
respectively.

As it can be noted from Figure 8, comparative thermogravimetry
of particles shows a loss of mass between [100-1000°C],
corresponding to hydrocarbon desorption (evaporable organic
matter of 51.7%) for diesel (Simdo et al., 2006). As it was also
seen in the associated heat release curve (DSC) depicted in
Figure 9, the increase in the released heat started at about 250
°C to 432 °C with an enthalpy of 9853 J/g. This can be explained
by the endothermic evaporation of the volatile organic fraction
(VOF). This implies that light hydrocarbons on the soot will
evaporate above 200 °C (Oh et al., 2011).

100 1
90 |
g 80—:
5 o]
L ]
= 50
40
30 : : : :
0 200 400 600 800 1000

Temperature(C?®)

Figure 8: Comparative spectra of thermogravimetric analysis (TGA)
emissions from engines.

For PG, the TGA curves show a loss of mass (53.65%) with
the formation of two bearings. The first reached 16% in the
range of [100-350 °C] which corresponds to the evaporation of
water (Miiller et al., 2006), and the 2nd level reached 37.5 % in
the range of [350-900 °C] which corresponds to the removal of
organic matter.

For UG, ATG curves show a total percentage of evaporable
organic matter of 21% to 49.5% in the range of [100-550 °C]
and 18% in the range of [550-950 °C]. This evaporable organic
material corresponds to the non-burned hydrocarbon fraction
(piled up) by the engines of the vehicles.
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Figure 9: Comparative spectra of DSC of motor emissions.

The residual part of the particles corresponds to the oxides
detected by XRF (SiO,, CaO, P,0,, Fe,0, etc.) (Simdo et al., 2006).
The DSC curves of UG compared to that of PG, show the
formation of a new endothermic peak at about 812 °C with
enthalpy equal to 209J/g (from the rest of the organic matter)
(Ohetal., 2011).

Conclusions

The microscopic and chemical characterizations of the particles
emitted by the diesel engines, and petrol engines utilising
premium and unleaded gasoline have allowed a comprehensive
determination of their physicochemical properties with regards
to the morphologies, the elemental compositions, the organic/
inorganic contents and the particle size and structure.

The XRD and XFR analyses have proven to be powerful in
providing useful insights about the microscopic structures of
different fuels. They showed, in the case of particles generated
by diesel engines, that many organic and inorganic compounds
presented an amorphous structure with the appearance of two
well-distinguished peaks, the first was the most intense at 24.76°
(002), and the second at 43.15° (101). This can be attributed to
carbonic (graphite) as the major phase, which was confirmed by
XRF (85.9% of carbon). Unlike diesel (D), the unleaded gasoline
(UG) and premium gasoline (PG) diffractograms showed a well-
crystalline phase amorphous with greater intensitiesin the range
[20° to 50°]; the identification of these peaks revealed silicates
(quartz: SiO,), oxides (Fe,0,), sulfates (PbSO,), phosphates
(BPO,, AlPO,), carbonates (CaCO,), and others.

The chemical composition of diesel, premium gasoline, and
unleaded gasoline particles was dominated by aliphatic CH
groups in alkanes with relatively low C=0 groups in carboxylic
acids, ketones, aldehydes, esters, lactones, and sulphate
inorganic salts.

Based on laser particle size analysis, it was found that the particle
size was the finest in diesel, which makes them dangerous once
inhaled, as they can reach deep inside the respiratory tract and
get incorporated with the blood stream, thus damaging other
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viscera. Prolonged exposure to these fine particles and highly
toxic pollutants is likely to have a significant impact on health,
resulting in symptoms of cancer, bronchitis, emphysema, and
cardiovascular and pulmonary disease, as widely documented
in the literature.
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Abstract

Poor air quality is one of the main dysfunctions of the rapid urbanisation process in Africa. Although the information is fragmented,
the limited evidence available points out that air quality is a leading health risk in Africa, especially affecting the poorest, most
vulnerable communities. In this study, we look into five cities in Africa to understand the nature of urban air quality issues and

to delve into the initial responses. We report on the status of the main air quality management dimensions, including air quality
standards and monitoring strategy/capabilities, emission inventories and air quality modelling, health impact assessment

studies, communication practices, development and implementation of clean air action plans (in connection with other relevant
strategies, i.e. climate change policies) and governance issues. We find that all cities have limited monitoring capabilities although
communication strategies may differ substantially. While indoor pollution sources are declining in more developed economies,
traffic is a growing concern in all five cities. In most cases, air quality issues are mostly related to PM, , and natural contributions
worsen air pollution from road transport, biomass and open waste burning. While nationally-driven strategies, often based on large-
scale engineering projects and financial schemes, may report substantial gains in early stages, multi-level governance and planning
is likely to maximize benefits and provide a useful framework for the complex problem of air quality management in the long run.
The integration of air quality plans in overarching strategies to tackle persistent poverty and social inequity is urgently needed.

Keywords

urban air quality, air quality standards and monitoring, emissions inventories and modelling, communication, clean air action plans,

governance

Introduction

Urbanisation has historically been accompanied by
industrialisation, economic growth and better living standards
for citizens. However, demographic growth requires public
policies to steer the urbanization process and to help ensure
a more equitable distribution of wealth (UN Habitat, 2010),
especially in the context of rapid population movements
towards urban areas. While Africa currently is the least urbanised
of the settled continents, it is experiencing the fastest rate of
urbanisation in the world, with an average annual growth rate
of 2.55% in the period 2000 - 2015. Such trends are expected
to cause the urban population of the continent to rise from 1.3
billion today to a projected 2.5 billion by 2050 (UN, 2019). Many
parts of Africa seem to be experiencing urbanisation without
significant productivity increases or adequate service provision,
infrastructure and regulation, leading to the “urbanisation of

poverty”. At present in sub-Saharan Africa, 59% of the urban
population live in slums (UN Habitat, 2016), while only 45% have
access to basic sanitation facilities. Many cities have evolved as
a collection of fragmented neighbourhoods not connected by
efficient transportation or other networked infrastructure; this
results in congestion and other dysfunctions such as poor air
quality (Stanaway et al., 2018) and high population exposure
in urban areas where both emissions from unplanned and
unregulated activities occur.

While the major cities on the continent do not experience the
same levels of chronic air pollution as some cities in Asia do
(Lelieveld et al., 2015), available data suggests that African cities
are bearing a considerable share of the global burden of air
pollution-related disease. The limited literature on air pollution
in Africa identifies particulate matter (PM) as the single most
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relevant pollutant from a public health perspective (Burnett et
al., 2018), even when PM chemical composition is usually not
characterized. The review of PM source apportionment analyses
carried out by Karagulian et al. (2015) identified eleven such
studies for Africa (out of 419 for the entire world). On average, the
largest contributor to PM, , ambient concentration is household
fuel burning, responsible for 34% of total concentration -the
largest relative concentration on the planet. Natural sources
(desert dust and sea salt) were the second source in importance,
accounting for 22% of PM, .. (For comparison, natural sources
represent the largest share of ambient concentrations in Middle-
eastern countries, as much as 52%). Traffic was identified as the
third largest contributor to PM, levels in Africa, with a 17%
share. This sector was, however, the main cause of PM _ levels,
contributing around 34% of the total ambient concentration of
this pollutant on the continent. Other studies have identified
open-field burning activities as a major source of this pollutant
in Africa (Naidja et al., 2018). According to the continental
DACCIWA inventory (Keita et al., 2018), PM emissions from
the residential sector, mostly related to household solid fuel
combustion, represent more than 70% of total combustion
sources on the continent. As a consequence, African cities need
to deal with both indoor and outdoor air pollution, in contrast
with OECD country cities, where indoor air quality is driven by
outdoor concentration levels (Tang et al., 2018).

Traffic is a relevant polluting sector in nearly all African cities,
and its relative importance is expected to grow substantially in
the near future (Liousse et al., 2014). Use of old cars, the poor
quality of fuel or diesel fuel, underdeveloped infrastructures,
and unorganized public transport (Assamoi & Liousse, 2010) are
common challenges in African cities, contributing to worsening
air pollution (Mbow-Diokhane, 2019). It should be noted that
exhaust emissions are not the only source of PM from mobile
sources - abrasion (road, brake and tyre wear) and dust re-
suspension can be even larger contributors to PM emissions.
Non-exhaust emissions are particularly relevant in Africa where
unpaved roads make up the majority of the road network (Naidja
etal., 2018).

While deaths attributable to other risk factors such as unsafe
water, unsafe sanitation, and childhood malnutrition have
decreased markedly since 1990, air pollution-related deaths
have risen in Africa (Roy, 2016) and remain a major public health
issue. Heft-Neal et al. (2018) suggest that modest reductions in
the levels of fine particulate matter (PM,,) in the air in African
cities may have larger health benefits to infants than most known
health interventions. There is a clear economic case to deal with
air pollution in Africa as well. The World Bank estimates that,
in 2013, air pollution costs in Sub-Saharan Africa totalled 3.8
percent of GDP (WB, 2016). This means that the loss in economic
output due to air pollution-related morbidity and mortality may
be as high as USD 1.63 billion in countries like Ghana (Fisher et
al. 2021). In addition, since the emissions of air pollutants often
coincide with the release of greenhouse gases, worsening air
quality is intimately related to global warming. The impacts of
climate change have been identified as an additional, growing

health threat in Africa, especially for the more vulnerable layers
of society (Chersich et al., 2018).

This underpins the importance of prioritizing air quality
interventions in the political agenda of African major cities.
To contribute to that goal this study analyses the current
air pollution issues as well as air quality management and
initial responses in five illustrative cities in the continent.
Comprehensive studies regarding air quality management
status in Africa are very limited (Schwela, 2012) and there are
no studies comparing approaches in specific urban areas
that may illustrate effective options to improve air quality in
the continent. This research is done in the framework of an
initiative of UN Habitat to raise awareness about the issue of
urban air quality in Africa (UN Habitat, 2023) and ultimately,
aims at extracting general conclusions and identifying effective
approaches to improve urban air quality in the whole African
region. The specific scientific goals are to understand urban
air quality issues (current ambient concentration levels of any
pollutant relevant to air quality, sources, and impacts related
to them) and analyse whether interventions from national,
regional, or local administrations as well as any other initiatives
driven by international institutions, donors, companies or the
civil society are adequately targeted to those issues and draw
conclusions and recommendations that may improve air quality
management in Africa and curb harmful emissionsin an efficient
way considering limitations and constraints of real cities.

Methodology

Case studies

The case studies selected to investigate air quality issues and
policies in African cities correspond to five large (capital) cities
that coveravariety of geographical locations (Figure 1) and socio-
economic development stages (Table 1) (in alphabetical order):
Accra (Ghana), Cairo (Egypt), Cape Town (South Africa), Dakar
(Senegal) and Nairobi (Kenya). While all of them face similar
challenges related to rapid urbanization, social inequalities
and population growth, each presents specific air quality issues
and has different constraints and prospects and thus, they may
contribute to building a more comprehensive picture and help
identify policy approaches toward air quality issues in other
urban areas in the continent. The selection criteria included the
availability of information as well as previous cooperation track
with UN-Habitat and an on-the-ground presence to assure the
accuracy and relevance of the analysis. Further details on socio-
economic and geophysical conditions and specific emission
sources in each city can be found in UN Habitat (2023).

According to Stanaway et al. (2018) total premature deaths per
annum from outdoor (ambient) air pollution are on the rise in
the case study countries (Figure 2). In all of them, premature
deaths from air pollution per annum outstrip deaths from
unsafe water, sanitation, and underweight childhood (Roy,
2016). Since about 2005, the five countries under review have
collectively had some success in curbing premature deaths from
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Figure 1: Anthropogenic PM, , ambient concentration trends in the 2000-2016 period and location of the five case studies (elaborated from van Donkelaar
etal., 2018)

Table 1: Summary of socio-economic and demographic information of the five case studies

Country, national GDP (USD)* and Recent annual growth rate (%) and

i poverty headcount ratio (%) el i i em s future projections (%)*
Accra Ghana, 4738 (56.9%) 2.3 2.1%/2.2%
Cairo Egypt, 12390 (61,9%) 18.8 2.2%/2.0%
Cape Town South Africa, 13730 (57.1%) 4.1 2.6%/1.9%
Dakar Senegal, 3776 (88.1%) 2.8 2.6% /3.0%
Nairobi Kenya, 3461 (86.5%) 3.9 3.8%/3.9%

(1) GDP per capita, PPP (current international $) (WB, 2018)

(2) Poverty headcount ratio at $5.50 a day (2011 PPP) (% of population) (WB, 2018)

(3) 2018 population according to UN (population division) (UN, 2019)

(4) Average population growth rate (2000-2015) and growth rate projection (2015-2030) according to UN (population division) (UN, 2019)

indoor air pollution. More specifically, available data (Stanaway
et al., 2018) suggest that household air pollution is generally a
larger health concern in the lower income countries while high
ambient air concentrations have greater relative importance
in emerging economies. The trends in Egypt and South Africa
clearly show that the burdens of disease have shifted towards

outdoor (ambient) air quality over the last years while per capita
GDP has grown; meanwhile, indoor air quality still dominates
health impacts in Senegal, Kenya and Ghana (Figure 3).

Mortality rates attributed to the joint effects of household and
ambient air pollution vary considerably among countries,
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Figure 3: Mortality rates attributed to joint effects of household and ambient air pollution (elaborated from the Global Health Observatory data

repository, WHO, 2016). The bars show the 95% confidence intervals.

as well as in the diseases that cause those death (Figure 3).
According to the Global Health Observatory (WHO, 2016), lower
respiratory infections are the leading cause of air pollution-
related mortality in Ghana and Kenya, while ischemic heart
disease dominates such deaths in Egypt. These two conditions
have a similar contribution to premature deaths in Senegal and
South Africa. Overall, Senegal presents the highest mortality
rate due to air pollution.

Approach and data sources

The research relies on a desk review of scientific papers
published in international journals as well as official reports and
thematic studies from reference international organizations. No
specific search or selection criteria were set regarding the type of
documents or production dates, although preference was given
to contrasted sources and updated information. Data scarcity
(e.g. the lack of local emission inventories or reliable air quality
data) prevents us from performing a fully consistent comparison

and analysis. Therefore, any reliable source that may help
understanding the current status and trends of emissions
(any potentially relevant pollutant), air quality, or impacts
has been considered. To present a synthetic and harmonized
view of the status of the five cities analysed, we rely on the
combination of: (i) fully comparable, globally available data
with (ii) any other local or national specific data and references
that may be relevant to illustrate the relative stages of progress
towards a comprehensive air quality management strategy. The
information discussed in the following section consists of:

Emissions and air quality: estimated emissions of organic
carbon (OC) and black carbon (BC) emissions elaborated
from the most updated and comprehensive regional
inventory available for Africa (Keita et al., 2018), available at
the Emissions of atmospheric Compounds and Compilation
of Ancillary Data (ECCAD) website. The DACCIWA
(Dynamics-Aerosol-Chemistry-Cloud Interactions in West
Africa) inventory provides emission fields at 0.125° x 0.125°
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spatial resolution (broadly 10 km horizontal resolution)
for the entire African continent from 1990 to 2015. It
extends and improves the only previous regional inventory
available (Liousse et al., 2014) by establishing an African
database on fuel consumption and new emission factor
measurements, including biofuel and fossil fuel emissions
as well as open waste burning emissions. Primary (directly
emitted) anthropogenic particles are largely made of OC
and BC (Bond et al., 2004) and therefore, they constitute
a good proxy of combustion-related PM emissions. The
reference inventory provides emission estimates from
the main anthropogenic sources (energy, industries,
residential, transportation, waste, and other sectors).
This is complemented with city-specific information and
referencesincludingtechnicalreports,journal papers, plans
and strategies related to air quality measurements from
permanent monitoring networks or ad hoc experimental
monitoring campaigns, emission inventories, air quality
modelling activities, source apportionment studies, health
impact assessments, cost-benefit analyses, etc.

e Summary of the response given to the air quality issues
portrayed in the previous point under a common structure
(UNEP, 2016): relevant initiatives regarding 1) air quality
standards, regulations and plans, 2) vehicle emissions,
3) public and non-motorized transport, 4) industrial
emissions, 5) open burning of waste, and 6) indoor air
pollution are briefly summarized. The main interest is to
discuss the lessons learned from recent actions as well
as ongoing initiatives that may be relevant for future
planning or inspiring other urban areas with similar
status. The discussion for each city includes national
(even international) instruments and then those that
are primarily driven by regional or local administrations
and try to make links among them since very often they
are tightly interrelated given the multi-level nature of air
quality governance.

The Conclusions section is structured following the six
framework areas proposed in the Guidance Framework for
Better Air Quality in Asian Cities developed by UN Environment
and Clean Air Asia (Clean Air Asia, 2016).

Discussion

Emissions and air quality issues

The sources of emissions vary considerably from city to city.
While the five case study cities share some commonalities,
they show considerable variations (Figure 4). The residential
sector appears to be the main source of emissions of organic
carbon for four of the five cities (Dakar, Accra, Cape Town and
Nairobi); however, in the megacity of Cairo, the waste sector
predominates. For black carbon, the dual importance of the
waste and residential sectors appears evident in Dakar and
Cape Town. In Cairo, nonetheless, the waste sector dominates
BC emissions, with the residential sector assuming little
importance, while the reverse is true in Nairobi. The reasons

for such differences are complex but are partly related to the
varying levels of socio-economic development achieved in their
respective countries. The main implication of these differences
is that, when addressing air quality at the city level, customized,
well-targeted clean air action plans should be specifically
designed.

BC emissions (tyr1)

\
— [ —
Cairo Dakar \CCra Cape Town Nairobi
OC emissions (t-yr)
|
[ ] —
i :
— —4
Cairo Dakar ACCra Cape Towr Nairobi
mEinergy mIndusiries m Othersector tesidential m lransporiation mWaste

Figure 4: PM emissions in the five target cities (t) in 2015. Elaborated
from DACCIWA gridded inventory (Keita et al., 2018). BC = black carbon,
OC = organic carbon

Emission rates shown in Figure 4 originate from the overlapping
of the DACCIWA gridded inventory in a 120x120 km geographical
domain for each city. Total emissions in those reference areas are
shown in Figure 5 (black carbon) and Figure 6 (organic carbon).
The maps show the road network according to the information
published by SEDAC from Global Roads Open Access Data Set,
Version 1 (gROADSv1) (Columbia University and University of
Georgia, 2013) and administrative boundaries, taken from the
GADM database version 3.4 (GADM, 2018).

Accra

According to air quality data from Accra’s monitoring network
(EPA, 2018), annual average concentration in Accra in the
2006-2017 period ranged from 55-78 pg/m?, and 85-130 pg/m?
for PM,, and PM  respectively, without a clear trend (Appoh,
2018). According to Ghanese EPA (EPA, 2016), 90.2% of PM
measurements from roadside monitoring sites levels recorded
in 2015 exceeded the EPA guideline for that particulate matter
(70 pg/m? for the 24-h mean). Although the network suffers
from frequent breakdowns and data availability is below 50%
(Schwela, 2012), PM, , present a remarkable monthly variability
reaching up to 209 pg/m? in December 2015 (EPA, 2018). Such
high pollution episodes during the dry season have been related
to the Harmattan wind, a natural phenomenon that contributes
to the load of particulate matter travelling south from the Sahara
Desert (Zhou et al., 2013).

CLEAN AIR JOURNAL
Volume 33, No 2, 2023

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: Analysis of air quality issues and air quality management status in five major African cities Page 6 of 22

&200N XN
6100N-] s
20" 200N={ SRR
GOuN=] Suhum Kraboa
Coaltar 2 100N~}
Dangbe East
5'S00N= =L )
__Ashaiman
A" C0N=-
S400N=-
29°500N]
300N~} Dansoman
A Al Fayyum Al lizah |
S200N= X
.@.n 5 0
T T T T T T T T T T T T
carew 0300w 0200w 100w 000" C100E ws0vE areoe ar100E arNve arave arsove
1 1 1 1 1 1
I NTS—-
15 100N
reavs—
15°00"N =
33 S0US -
14" 500N =
3W0rs—- 147 20UN-
Plateau
14° 200N
34 100°S =
w2 -
32005 ‘@’ e
18°100E X?‘(;G'E |7‘3!U‘IV ITZ(!!T\V |T"(=U'W IT‘OI’O"\V 16‘5!!7‘\\! 16" 0TW
0400s L
osors emissions
. -2 -1
(t- km-2yr1) Roads
B -2 Unspecified
B 20-25 = Highway
B 15-20
riors B 10-15 — Primary
Bl 5-10 Secondary
B 1-5 A
120054 - 05-1 — Tertiary
BN o05-1 Local/Urban
[ 01-05 I
rars- - Kajiado West ] 0-01 - - Trail/Private

0. .5 .0 10
[_=_—_——]

x
raoers— .-@,
S
T

¥ 20TE

T T T
¥ NTE W AOTE W 0TE ralidig 3 I NTE

Figure 5: Black carbon emissions in the five target cities (t) in 2015, a) Accra, b) Cairo, c) Cape Town, d) Dakar and e) Nairobi. Elaborated from DACCIWA
gridded inventory (Keita et al., 2018)

CLEAN AIR JOURNAL

Volume 33, No

2,2023

78

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: Analysis of air quality issues and air quality management status in five major African cities

4
:
i

OUENNENNNE

I 0TE

I ATE 3" NVE ATE

; marnd- o AlFayyum 3 IS Allizah
T T T T T T . N T T T
Ca0owW 0ITTW 200W 100w (31 0100°E 3 100E ar2ve IrNUE rAvE I NTE
L L 1
A ~ P X
530S« ------3L-. . /N A >\ St ~’.( e i
3 ¢ 4 ’
ond N 15" 100N~
R J N 4
. . \
(s A==y e s F
H - Ly B T I e
. ~
) J
waows LT
105 0UN—Y -~ - -t
h
WOCS=f - - oot ‘ E A ST T
& = =y ~Dakar
5 itsh > ' Plateau
' . 1 0TN Tt U R R S
PRl T NP (e A - Sy i S o 2
! : 0 > p——
X 5 Cape Point erstrand i :
w@i" s 0 \J T : 0 5 0 10
w20trs =¥ LT, 1, W2 b _
TS . Kiometers
F % A < i
T T T T T T T T
18°100°E 18°200E 18 NCE 18 00E 1800E 1900 19°100°E 1P RTW T200W 7100w

'
1"100°S=

1200°S= :

1°300°S=4

Kajiado West

1°400°S=

X X ;
,®,w..s.o...|o.--.
———

A 3 ] "

T

T
W ANTE

T
W NTE WATE

Figure 6: Organic carbon emissions in the five target cities (t) in 2015, a) Accra, b) Cairo, c) Cape Town, d) Dakar and e) Nairobi. Elaborated from DACCIWA

gridded inventory (Keita et al., 2018)

oC

emissions

(t km2yr) Roads
= >25 Unspecified

20-25 )
High

Bl 15-20 = rigney
B 10-15 — Primary
= 51_ 150 Secondary
B 05-1 — Tertiary
[ 05-1 — Local/Urban
[ 01-05 L
] 0-01 - - Trail/Private

CLEAN AIR JOURNAL
Volume 33, No 2, 2023

79

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.

Page 7 of 22



Research article: Analysis of air quality issues and air quality management status in five major African cities

Page 8 of 22

Besides permanent monitoring schemes, air quality in Accra has
been addressed by a number of limited time-frame studies and
ad-hoc campaigns. Zhou et al. (2013) found that sea salt (up to
13.9 pg/m?) and mostly mineral dust, were large contributors to
ambient PM concentrations. During Harmattan wind episodes,
crustal particles accounted for 55 ug/m?(37%) of PM, . mass and
128 ug/m?(42%) of PM  mass. This s consistent with the study of
Aboh et al. (2009) that found PM crustal elements (dust) fraction
to increase more than tenfold during the Harmattan period in
Kwabenya, a suburb of Accra that is frequently exposed to dust
from the Sahara-Sahel region during the dry season. Outside
Harmattan, road traffic was found to be one of the largest
contributors to PM, being responsible for approximately 12-33%
of PM concentration. Biomass combustion was responsible for
between 10.6 and 21.3 pg/m? of particulate matter in the study
areas, affecting most of the poorest neighbourhoods.

Other relevant sources identified were vehicle emissions, tire
and brake wear, road dust, and solid waste burning. While
total PM_  concentration reached values as high as 179 ug/m?,
BC contents were only four pg/m® during 2006-2007 period
analysed, highlighting the huge influence of natural PM. Arku
et al. (2015) reported an average exposure of 56 pg/m? to PM_ ,
for school children in Accra (more than double the average
exposure levels in the US or Europe) although there were
large variations, from less than 10 pg/m?® to more than 150 ug/
m3. They identified residential emissions (wood and charcoal
burning for cooking) and dust emissions from unpaved roads as
the most influential sources of exposure. Exposure to emissions
from household cooking and garbage burning has been found
to impact even the unborn. According to Amegah et al. (2012),
these pollution sources significantly reduce birth weight in
Accra. Studies carried out in cities like Kumasi (Bandowe et al.,
2019) or Ashaiman (Ofosu et al., 2012) confirmed the influence
of road traffic, including PM resuspension, particularly in low-
income neighbourhoods. Industry (e.g. Tema Oil Refinery) emits
considerable amounts of PM and other pollutants (NO,, SO,)
and has a clear impact in closer urban areas such as the Tema
Metropolis (Amoatey et al., 2018; Amoatey et al., 2019).

Cairo

As in many megacities in the world, air pollution has been
a chronic problem in Greater Cairo. The first air quality
measurements (SO, and smoke) were carried out by the Ministry
of Health (MoH) in 1973 (Nasralla, 2001). In 1999, the Egyptian
Environmental Affairs Agency (EEAA) initiated a more systematic
air quality monitoring strategy towards the current National Air
Quality Network of Egypt that includes 24 real-time continuous
air monitoring and 25 sampling stations in the Greater Cairo
Metropolitan Area (GCMA).

According to the PM, levels recorded, air quality in Cairo met
Egyptian air quality standards for that pollutant 72% of the time
while PM, , levels of 60-99 pg/m?® have been reported for the city
as an annual mean (EEAA, 2018). A significant drop between
1999-2009 has been observed for all pollutants, except for O,
(WB, 2013). This trend has been observed in other urban areas

where reduced NO, emissions reductions from traffic lead to
higher O, concentration levels due to non-linear photochemical
processes (Saiz-Lopez et al., 2017).

Despite the declining trend, the rapid population growth (by
more than 3 million from 1999 t02010) has led to a netincreasein
population exposure to air pollution. Wheida et al. (2018) found
an average PM,  of 155 (+35) ug/m? during the 2010-2015 period
in GCMA, although large concentration gradients exist within
the megacity. Similarly, average PM,, concentrations varied
from 50 to more than 100 ug/m?3. Both PM levels were affected
by massive wind-blown desert dust since the city is within the
Sahara region. With the exception of a few traffic hot spots,
NO, concentrations were found to be below 40 ug/m?, defined
as an air quality standard in Egypt in accordance with the 2005
WHO guidelines (WHO, 2006). Some authors (Ndour et al., 2008)
suggest that high natural dust loads in urban atmospheres may
enhance the photocatalytic uptake of NO,. Despite the increase
of tropospheric O,, further recent analyses confirm that current
air quality issues in Cairo primarily concern PM (Mostafa and
Zakey, 2018).

According to WB (2013), approximately 35-55% and 25-35%
of the total concentration of PM  is attributable to airborne
geological material during the summer and winter, respectively.
This is consistent with the findings of Boman et al. (2013) that
also found a significant influence of marine aerosols. Earlier,
Favez et al. (2008) observed maximum dust concentrations in
spring and winter due to the higher frequency of dust storms,
but noted high dust contribution throughout the year (around 50
pg/m?d). In addition, they reported that natural dust interacting
with NO, and SO, emissions adds secondary compounds to
the atmospheric aerosol. Similarly, Hassanien and Abdel-Latif
(2008) reported significant amounts of toxic polycyclic aromatic
hydrocarbons (PAH), in road dust samples collected across
Cairo.

An episodic deterioration in air quality through the so-
called Black Cloud phenomenon is observed every October
and November (WB, 2013) due to rice straw burning in the
governorates around Cairo coinciding with typical autumn
thermal inversions (Marey et al., 2010; Zakey et al., 2008).
During these events, the aerosols originating from the burning
of agricultural residue account for 12% of BC and up to 50%
of OC (soluble fraction) (Favez et al., 2008). On the other hand,
Mahmoud et al. (2008) concluded that traffic was the majority
source of BC in Cairo during the daytime, even in autumn when
biomass burning takes place in the Nile Delta.

Cape Town

The City of Cape Town (CCT) and the Department of
Environmental Affairs and Development Planning (DEA&DP)
operate an air quality network that measures criteria pollutants
based on reference analytical techniques in accordance with
the US EPA standardized methods (DEA&DP, 2019a). All the
information is submitted to the South African Air Quality
Information System (SAAQIS) where nearly real-time air quality

CLEAN AIR JOURNAL
Volume 33, No 2, 2023

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: Analysis of air quality issues and air quality management status in five major African cities

Page 9 of 22

information can be visualized and downloaded (https://saaqis.
environment.gov.za).

Historically, SO, and PM, have been the air pollutants of concern
in South Africa (UNEP, 2016). Recent data show a general
decrease in SO, ambient concentration levels, while there is
not a clear trend regarding PM, and increasing exceedances of
O, (DEA&DP, 2019a). Currently air quality in the Western Cape
Province is generally good, below the South African National
Ambient Air Quality Standards (SANS). However, some hot
spots, such as the Khayelitsha informal settlement, remain. The
eight-hour mean SANS for ozone was exceeded on 19 occasions
in 2018 at Khayelitsha, with values up to 175 pg/m®. High PM
levels have been usually reported due to residential wood
burning, waste burning and dust from unpaved roads, among
other sources in this area (DEA&DP, 2016). A few, exceptionally
high values (up to 387 pg/m?® in 1 hour) have been linked to
wildfires in the surroundings of the city as well as windblown
dust episodes responsible for daily PM, levels up to 82 pg/m?
(DEA, 2012). Of note, no PM data from Khayelitsha station were
available for the year 2018 due to insufficient measurements.
Such information gaps are common throughout the country
with less than 40% of the 94 monitors included in the national
network meeting the minimum 70% data recovery rate for PM
measurements (DEA, 2019) due to aging infrastructure and
insufficient funding (DEA&DP, 2019a).

Wicking-Baird et al., (1997) studied the causes of pollution in the
city using the Chemical Mass Balance (CMB) model (Watson et
al., 1990) and concluded that visibility issues during brown haze
episodes were mainly related to road traffic, responsible for 65%
of total PM,, mass. Other important sources of pollutants were
combustion (14%), boilers (6%) and natural PM sources (5%).
This situation has not changed significantly according to more
recent studies that identified traffic, domestic burning of fuels,
industry and waste burning as the major pollution sources in
Cape Town (Mbow-Diokhane, 2019; Keen and Altieri, 2016).

Measurements of relevant anthropogenic VOC concentrations
in Cape Town suggest that urban background concentrations of
these pollutants are dominated by traffic or industrial sources
in different areas of the city (Kuyper et al., 2020). Mumm et al.
(2017) concluded that low socioeconomic districts generally
experienced higher levels of air pollution. Similarly, Hersey
et al. (2015) identified low-income townships and informal
settlements as the worst-polluted areas in South Africa. This
supports the claim made by Keen and Altieri (2016) that the
largest health benefits of improving air quality in the city would
be found in the Khayelitsha. Hersey et al. (2015) identified
biomass burning (veld fires) and domestic burning in informal
settlements as significant sources of PM, . These authors found
that dust enhancement was particularly high in May-July;
contributions from the nearby Namib Desert may make up to
25% of total PM, . Sea salt represented around 20% of total PM
in Cape Town.

Higher-resolution modelling exercises confirm that high PM, A
episodes in Cape Town are related to air masses travelling over

major dust source regions such as the Kalahari or Namib Deserts
(Molepo et al., 2019). The growing influence of windblown dust
and wildfires on PM  levels in Cape Town has been also linked
to increasingly severe droughts in the Western Cape (DEA&DP,
2019a). In addition to negative air quality ramifications, climate
change has been identified as a major health threat in South
Africa, especially for vulnerable groups (Chersich et al., 2018).
Nonetheless, greenhouse gas emissions in the country have
raised by 20% in the 2000-2010 period (DEA, 2016) because of
the coal dependency in the country (Klausbruckner et al., 2016).

Dakar

Senegal is the only country in West Africa that has set up a
continuous air quality monitoring network (5 monitors) and
created the Centre for Air Quality Management (Centre de
Gestion de la Qualité de I'Air; CGQA) within the Urban Mobility
Improvement Programme (PAMU). (Mbow-Diokhane, 2019).
Frequent power failures (Cissokho & Seck, 2013) combined
with specific technical and maintenance issues or the network
(CGQA, 2018) result in low data availability. Nonetheless, data
captured is made publicly available by CGQA (https://www.air-
dakar.org) and through annual reports regarding air quality in
Dakar (CGQA, 2018).

These reports suggest that PM is the most problematic pollutant,
with annual average urban background levels as high as 182 pg/
m?3. Although PM is strongly affected by marine aerosols and
windblown dust from the Sahara, air quality can be classified
as good or moderate 52% and 34% of the time, respectively.
Concentration peaks have been associated with the westward
propagation of Harmattan pulses loaded with mineral dust from
the desert (Rodriguez et al., 2019). On average, levels of PM, are
twice as high during the nine driest months than in the three
wet months. AQIl interannual evolution does not exhibit a clear
pattern, and data deficiencies (average data availability range
from 5% to 67% depending on the monitoring station) make it
difficult to further identify pollution trends.

There are several studies that delve further into the pollution
levels and causes in Dakar. Ndong Ba et al. (2019a) reported
ambient PM, average concentrations around 100 pug/m? during
the dry season in the 2017-2018 period. Previous campaigns
revealed average PM,, levels of 87 pug/m? in a traffic location in
Dakar, much higher than the concentrations measured in a rural
area some 40 km away from the city (32 ug/m®) (Ndong Ba et al.,
2019b). The coarser fraction of suspended PM, however, was
quite constant in both locations (57 and 56 pg/m? respectively),
probably due to natural dust contributions. A comparison with
the results from Dieme et al. (2012) suggests an increase of PM_,
levels in Dakar and its surroundings during recent years due
to an increasing influence of traffic and of biomass burning.
Several studies have identified traffic as the main source of
air pollution in the city (Schwela, 2012; Sarr et al., 2018) with
clear health implications, especially for individuals working
along major streets (Ndong Ba et al., 2019a). Adon et al., 2016
monitored the concentration of the main gaseous pollutants
in Dakar for two years (2008 and 2009) using passive samplers
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and found average NO, concentration levels of 31.7 ppb at a
traffic site - three-fold higher than the corresponding value for
urban background areas. In addition to the spatial variability,
this study found that NO, concentrations over the dry season
were 1.5 times higher than those of the wet period (three times
higher for SO,). The authors point out that besides favourable
meteorological conditions, the wet period in Dakar coincides
with a lower activity period (school vacation) and consequently,
less emissions.

These findings are consistent with those of Doumbia et al. (2012)
regarding particulate matter. Similarly, they identified traffic as
the main pollution source, with an average contribution of 87%
and 89% to total BC during the dry and wet seasons, respectively.
The remaining 13%-11% was apportioned to biomass burning
emissions. Besides anthropogenic sources, the contribution of
natural windblown dust from the Sahara to PM levels in Dakar
is well documented (Oluleye & Folorunsho, 2019). During
Saharan dust episodes, PM, and PM,, ambient concentrations
in Dakar can reach values in excess of 800 pg/m?and 350 ug/m?3,
respectively (Jenkins & Diokhane, 2017). Although natural dust
dominates PM concentration in Senegal, the largest burden of
asthma and bronchitis in the country is found in Dakar (Toure
et al., 2019), suggesting that urban emission sources also play
a vital role on human health, and synergistic negative effects
can be significantly diminished by cutting down anthropogenic
emissions.

Nairobi

Despite the lack of a comprehensive, consistent and transparent
city-wide monitoring strategy, some monitoring campaigns
and pilot projects have been undertaken in Nairobi (Nthusi,
2017), including the use of novel sensor technology (Kumar
et al., 2015). Despite technical limitations and issues related
to data quality (WHO, 2018), such initiatives can contribute to
increase awareness and thus, support for more effective air
quality regulation (Ngo et al., 2017). This technology was used
by de Souza et al. (2017) to monitor PM,, and PM,  over an
eight-month period (May 2016 to January 2017). They reported
concentrations between 11 and 23 pg/m? and 26 and 59 ug/m?,
respectively. The NO, observed level oscillated between 8 and
12 ppb while the highest mean level of SO, was recorded at
Viwandani (40 ppb), an informal settlementin the industrial area
of Nairobi. Although these instruments were not calibrated with
reference air quality monitors, the study suggests that pollution
levels are usually higher in Kibera and Viwandani slums.

This is consistent with previous studies (Gulis et al., 2004;
Egondi et al., 2016) that highlight that air quality issues are
particularly serious in deprived neighbourhoods of Nairobi, a
pattern also found in other African urban areas (Dionisio et al.,
2010). Pope et al. (2018) also used low-cost sensors (calibrated
against gravimetric measurements, in this case) to monitor
PM, . in Nairobi in February-March 2017 and found an average
concentration of 36.6 pg/m? at a roadside; considerably higher
than the 24.8 ug/m?* observed in an urban background site and
the 8.8 pg/m?® measured in a rural location more than 100 km

away from the city. The relevance of traffic to PM levels in the
city was also pointed out by Kinney et al. (2011). They estimated
a 24-hour average PM_, personal exposure of 45-85 pg/m? along
busy roads in Nairobi.

Similarly, van Vliet and Kinney (2017) estimated that roadway
concentrations of PM,, in Nairobi were approximately 20-fold
higher than urban background levels (around 20 pg/mq). Gatari
et al. (2019) found that BC represented 34-56% of the total PM,
mass during a one-month monitoring campaign (July 2019),
with levels reaching 24-hour average values as high as 43 pug/m?.
This demonstrates that road traffic emissions are the dominant
source of airborne PM_, in curb-side locations. The proximity
to traffic emissions was also found to be a key factor by Ngo
et al. (2015). They found that a large fraction of PM, , consisted
of BC (vehicle smoke) due to poor engine maintenance of
Nairobi’s fleet. They further found that women in the Mathare
slum experienced exposure to PM, , at levels similar to roadside
mechanics and street vendors (hawkers), since they spend a
substantial amount of time near roadways.

Thisis again, directly related to environmental justice since poor
pedestrians who cannot afford motorized transport are forced
to walk long distances near traffic emissions (Klopp, 2012).
Egondi et al. (2016) also demonstrated that residents in slums
are continuously exposed to PM, , levels exceeding hazardous
levels according to the WHO guidelines, reaching average
concentrations up to 166.4 ug/m?, considerably higher values
than those reported in other studies, even at curbside sites
(Pope et al., 2018; Kinney et al., 2011). High concentrations in
poor neighbourhoods in Nairobi may be attributed to very local
sources, such as street markets that increase traffic as well as
street cooking using biomass fuels.

The strong seasonality of pollution that peaks during the dry
season (July in particular) suggests that PM levels may also be
affected by dust transport and PM resuspension processes. The
longest period of recorded ambient PM concentration in Nairobi
is that reported by Gaita et al. (2014) who found average PM,,
urban background and suburban pollution levels of 21 (+9.5) ug/
m?® and 13 (+ 7.3) pug/md, respectively (at 17 m and ten m above
the ground level). This study identified traffic as the largest
contributor to airborne PM (39%). Despite the large emission
share attributed to regional inventories (Figure 5 and Figure 6),
waste burning, open fires and charcoal burning, typical of low-
income households were responsible for six percent of total
PM, .. Avery high contribution of mineral dust, presumably from
unpaved roads (35% on average; up to 74% of PM_, in Nairobi
during the dry season) was also highlighted.

Air quality management and responses

Accra

According to Appoh & Terry (2018), air quality management in
Ghana can be considered advanced and the recent evolution
of the country can be considered as an instructive case study
of air quality management planning in a sub-Saharan Africa
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context. During recent decades, the country has developed an
organizational structure and regulatory framework, including
National Ambient Air Quality Guidelines (24-hour PM, mean
< 70 pg/md). Ghana EPA expected the full implementation of
AQ standards by June 2019 (EPA, 2018), although they are not
enforced so far. Together with partners, launched a series of
initiatives, many of them targeting Accra.

The development of the air quality monitoring network in Accra
sets up a good example of the potential benefits of international
collaboration, in this case in the context of the Air Quality
Monitoring Capacity Building Project in cooperation with the
United States Environmental Protection Agency (USEPA), the
United States Agency for International Development (USAID)
and UNEP. In Accra, we also see the fledgling work of the WHO’s
Urban Health Initiative to raise the necessary awareness through
community-based actions and campaigns.

The consolidation of a robust democracy in Ghana provides
the enabling environment (appropriate institutional, legal,
and regulatory structures) for the successful development and
implementation of air quality management systems. Building on
these technical capacities and multi-level governance scheme,
Ghana’s Environmental Protection Agency (EPA) launched
the Greater Accra Metropolitan Areas Air Quality Management
Plan in 2018 (EPA, 2018). The first comprehensive air quality
strategy for the Greater Accra Metropolitan Area intends to deal
with a number of potential sources of air pollution, especially
road traffic, which is becoming the main source of air pollution
in Accra (Naidja et al., 2018). The plan establishes links to
other relevant environmental strategies that can provide the
framework for the promotion of recent successful sector-
specific measures implemented in Accra, such as the Bus
Rapid Transit System (BRT) project (EPA, 2017) or the Greater
Accra Scrap Dealers Association (GASDA) in Agbogbloshie
(Pure Earth, 2015). The plan includes specific indicators, time
frames, responsibilities and collaborations needed that intend
to comply with the national ambient air quality standards. The
plan also contemplates the involvement of stakeholders and the
population. More importantly, it identifies the capacity gaps that
should be addressed for a successful implementation. Other
initiatives to install new improved clean stoves and to promote
the use of liquefied petroleum gas (LPG) have demonstrated a
high potential to reduce personal exposure to PM, , also in rural
areas (Piedrahita et al., 2017).

Cairo

During the last decades, Cairo has faced virtually all of the
underlying drivers that contribute to air quality degradation in
megacities: a rapidly growing population and urban expansion,
uncontrolled rural-to-urban migration, inadequate land use
planning, as well as the unsustainable growth of the industrial
zones and other heavy infrastructure sectors in and around the
city. However, most ministries of the Egyptian government have
established an environmental unit or department to deal with
air pollution in their respective sectors (WB, 2013). As a result,
considerable progress has been made in tackling air quality
issuesin the GCMA. Egypt has been able to channelinternational

collaboration (DANIDA, USAID) to develop a full-scale urban air
quality monitoring system in the Greater Cairo Metropolitan
Area (Nasralla, 2011).

Projects such as EIMP or CAIP have been instrumental to identify
the main issues and orientate national policies. In addition to
the development of an emission inventory (WB, 2013), Cairo is
the only city in this paper that has done a strategic analysis of
future emission scenarios. Health impact assessment studies
revealed that 4 550 premature deaths would be avoided every
year in the GCMA if the PM,  Egyptian standard (annual average
concentration of 70 pug/m’) was met (Wheida et al., 2018),
although other authors (Safar and Labib, 2010) suggest that the
natural contribution to PM, background will prevent Cairo from
ever attaining this standard. Standards for NO,, SO, and O, are
relatively stringent for the region, comparable to the European
ones. In addition, it has been estimated that air pollution
represents 3 to 6% of the GDP (UNEP, 2004), making a clear
economic case for emission abatement.

Conceptually, a multi-level governance scheme matches
better the multi-scale reality of air quality. However, Egypt
demonstrates that a strongly centralized management system
may be more effective in the initial stages. Despite a lack of a
specific plan per se, the massive introduction of natural gas
in the domestic, industrial (EEAA, 2004), power generation
(WB, 2013), and traffic sectors (Thomas, 2016), along with the
development of large-scale engineering projects (Korkor, 2014)
in Egypt has allowed improving air quality in Cairo despite
intense population and traffic growth. Up to nine ministries have
been actively developing legal and institutional mechanisms as
well as programs and projects with international development
cooperation partners to improve air quality in their respective
sectors, often structured as Public Private Partnerships (WB,
2013). Some of them, such as the valorisation of agricultural
waste in cement clinks have demonstrated the benefits of
cross-sectoral measures to prevent pollution, improve the local
economy and report climate co-benefits.

Cape Town

Air quality has drawn the attention of policymakers in South
Africa for nearly two decades, making the country a reference
point regarding air quality management in sub-Saharan Africa
(Schwela, 2012). In addition to the national framework, the
Provincial Government’s 2016 Air Quality Management Plan
(DEA&DP, 2016) is the current regional strategy that aims at
improving air quality.

The South African air quality management systemis arguably the
most advanced one in the African continent. The administration
decentralization in the country has allowed a multi-level
governance scheme for air quality action, with a nationally set
policy and regulatory framework (Republic of South Africa,
2013), and enforcement and compliance conducted by regional
and local governments. The national air quality standards (SANS)
are comprehensive and stringent (DEA, 2012), comparable to
those of Europe (EC, 2008), currently under review.
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The country has also made efforts towards effective ambient
air quality monitoring and communication through the South
African Air Quality Information System (SAAQIS) or the National
Association for Clean Air (NACA) dissemination activities
(Mbow-Diokhane, 2019). A number of projects have conducted
meaningful modelling and health assessment studies (e.g.
Muchapondwa, 2010). While this is the ideal situation for the
implementation of mature air quality management systems, the
experiences from Cape Town also inform us about the difficulties
and potential shortcomings of this approach (Naiker et al.,
2012). The Western Cape Province and Cape Town Municipality
have been very active in developing regulations, operational
frameworks, air quality management plans, climate strategies
and mobility plans among others in the last two decades (TDA,
2005; CCT, 2007; CCT, 2011; DEA&DP, 2014; TDA, 2017; City of
Cape Town / 100 Resilient Cities, 2019 among others).

However, progress regarding air quality is still lagging behind
the strategic goals (Tshehla and Wright, 2019). Despite
fragmented planning, this may be related to the lack of
concretion of the majority of these strategies, lack of political
will as well as insufficient funding (DEA&DP, 2019). Even in
a city of relative prosperity on the continent, mobilizing the
resources for all these activities is an ongoing challenge. In
addition to the challenges of administrative transitions and a
complex regulatory framework, Cape Town faces the problem of
persistent poverty and social inequity that shapes its physical
reality and results in an unbalanced burden of air pollution-
related disease. It has been suggested that previous plans did
not address the problems surrounding poverty as the underlying
cause of environmental deterioration (Language et al., 2016).

Dakar

In the review provided by Schwela (2012), Senegal was depicted
as a country at an intermediate stage of air quality management
maturity. Among other gaps, Senegal was noted as lacking a
comprehensive air quality management strategy while multi-
level governance was considered blurred; a specific urban
air quality plan for Dakar was also lacking. Being a country
particularly vulnerable to the effects of climate change (Zamudio
and Terton, 2016), current action plans pay more attention to
Greenhouse Gases (GHG) mitigation (MEDD, 2015), with a focus
on the promotion of renewable energies such as the 159 MW
N’Diaye windfarm nearby Dakar (IISD, 2019a) and adaptation,
such as the Dakar Resilience Strategy (Ville de Dakar/100
Resilient Cities, 2016).

However, significant advances have been made recently.
Senegal has one of the oldest and more stable democracies in
Africa and recent reforms favoured the decentralization and
strengthening of the administration. This provides the enabling
environment (appropriate institutional, legal, and regulatory
structures) for the successful development and implementation
of a comprehensive air quality management system in the future
(WB, 2015). Presently, Senegal has a comprehensive and well-
structured strategy to keep strengthening its administration
and to foster collaboration with private stakeholders and the

international community underthe Emerging Senegal Plan (ESP),
and overarching framework for the structural transformation
of the country and the improvement of governance and living
conditions in Senegal by 2035 (MEPC, 2014; MEPC, 2018). This
instrument encompasses 27 key infrastructure projects, such
as the development of the Bus Rapid Transit (BRT) system
in Dakar, an 18.3 km separate corridor (currently serving 144
buses), with23 BRT stations and three terminals covering
Dakar Plateau and Guédiawaye (I1ISD, 2019b). At the local level,
the Dakar Master Plan (MURHLE & JICA, 2016) is another key
instrument to improve living conditions and it is also expected
to provide large air quality co-benefits. Previous strategies,
mainly the Urban Mobility Improvement Program (PAMU) have
contributed to tackling air quality issues and have been key for
the development of incipient monitoring capabilities in the city
(WB, 2009).

Despite considerable technical limitations that seriously hinder
data availability, Dakar’s air quality network can be pointed out
as an example of transparency and environmental data. Still,
Dakar is aware of the pressing need to further control emissions
from road traffic (Ndong Ba et al., 2019a; Adon et al., 2018; Sylla
etal.,2018). Furthermore, officials understand that the transport
and waste management problems (Yaah, 2018) cannot be seen
exclusively from a technological point of view but must also be
addressed from an urban planning perspective, since they are
linked to the rapid expansion of the city.

Nairobi

Kenya lacks a comprehensive urban air quality management
programme. The air quality management responsibility is with
the Ministry of Environment and the National Environment
Management Authority (NEMA), in collaboration with other
partners. Despite weaknesses detected in terms of enforcement
and compliance practices (Schwela, 2012), there are some recent
actions undertaken by the national government as well as local
initiatives that are expected to benefit air quality in Nairobi.

Untilvery recently, most efforts to address air pollution in Nairobi
were undertaken at the national level (MoEF, 2014; MoEP, 2016).
A profuse and fragmented environmental regulation in Kenya
has hindered the effective linkage with operational programs
and strategies at the local level, making air quality management
difficult (Shilenje, 2014). On the other hand, the paucity of
administrative capacity, weakness of institutions and high
corruption levels (Transparency International, 2019) have been
identified as essential factors for the lack of progress. Lack of
public awareness (Ngo et al., 2017) and very limited monitoring
capacity are also major barriers to developing a comprehensive,
multi-level air quality strategy.

Nairobi has now the necessary regulatory framework and
instruments to tackle air quality issues in the city. The Nairobi
Integrated Urban Development Master Plan (NIUPLAN) (NCC &
JICA, 2014) includes a comprehensive and accurate diagnosis
of the environmental challenges in the city and establishes
the general strategy for a balanced and sustainable urban
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development, in line with the general national strategy given
reflected in Kenya’s Vision 2030 (Government of Kenya, 2018).
More recently, Nairobi launched the first Air Quality Plan in
Kenya, the Air Quality Plan 2019-2023, along with the Nairobi City
County Air Quality Policy to tackle air quality issues specifically
(NCC & UNEP, 2019).

Conclusions and recommendations
The lack of consistent information prevents from a formal
comparison of the status of air pollution and policies in Africa.
Nonetheless, the findings of air quality management in the
5 case studies included in this research are summarized in
Table 2 with the aim of assessing whether interventions are
adequately targeted to air quality issues and identifying action
needed within the 6 framework areas Clean Air Asia, (2016).
More research is needed to fully characterize the drivers of air
pollution action in the region and formulate evidence-based
plans to improve air quality in affected cities in coordination
with climate policies and general development strategies.
Nonetheless, some general conclusions and recommendation
can be drawn from the 5 major cities scrutinized based on
the available information discussed in the previous section.
More specific recommendations and particularly interesting
interventions for each city are discussed in UN Habitat (2023).

Air quality standards and monitoring

e Air quality standards are typically set up at the national
level and most of the countries have moved from air quality
guidelines to formal and rather comprehensive air quality
standards. As much as possible, PM_, standards should be
considered a priority. However, more than the lack of air
quality standards the problem in Africa seems to be the
lack of effective enforcement. Consequently, providing the
enable conditions and resources for actual enforcement
should be encouraged.

e  Air quality data in the continent is very limited. Even where
monitoring stations exist, maintenance or reliable power
supply are lacking, and data is therefore of poor quality or
consistency. International collaboration seems to be key
for the initial development of monitoring capabilities, but
it is essential to secure adequate funding to guarantee the
sustainability of urban air quality monitoring networks.

e New technologies based on low-cost sensors may
help improving monitoring capabilities but significant
investments for capacity building and maintenance and
closer collaboration with local universities and research
institutes are still needed.

Emissions inventories and modelling

e  While national GHG inventories are usually available,
city-scale emission inventories are mostly missing and
should be developed to prioritise action on the variety of
emissions sources affecting urban air quality and to assess
the efficiency of plans and measures.

e Some cities have been able to channel international
cooperation into the development of incipient modelling

capabilities. The literature discussed throughout this work
illustrate relatively simple modelling exercises that may be
useful as afirst step to understand local air quality issues for
specific sources or neighbourhoods. Further support and
scientific collaboration are needed to move towards more
complex tools to deal with emerging air quality issues such
as tropospheric ozone or secondary aerosols. A stronger
network of researchers in Africa would be instrumental to
foster scientific knowledge and capabilities in this area.

Health and other impacts

e While some general estimates exist, more localised
epidemiological and cost-benefit studies are needed for
a better understanding of the health impacts of poor air
quality in African cities, prioritize measures and make a
stronger case for action. Health impact models based on
assumptions drawn from higher income countries may
underestimate impacts in Africa due to synergies with
weather risks, communicable diseases and food security
issues. Meeting the WHO air quality guidelines, or even the
national air quality standards, would bring extensive health
benefits, especially for the most vulnerable communities.

e The evidence offered by the 5 case studies point out that
low-income citizens in African cities may disproportionally
bear the impacts of air pollution. Emissions from indoor
dirty fuels combustion, waste open burning and unpaved
roads among others create pollution hot spots in informal
settlements. Exposure to air pollution from traffic is
particularly high among the poor as well, since they
mostly rely on non-motorized transport routes along
heavily polluted environments. Tackling these issues
will contribute not only to improve air quality but also
environmental justice.

Communication

e Education and public awareness towards air pollution
processes and air quality health effects is alarmingly low
in Africa and it may be a major hindrance to implement
emission abatement measures. Any intervention or
strategy needs to emphasise communication actions for a
successful result.

e Open access to air quality data, emission inventories
and health indicators is an essential need to involve
policy makers and to engage relevant stakeholders and
the general public in improving air quality. Channels for
communicating the impacts of poor air quality are also
essential since only an informed citizenry can demand
additional measures to preserve public health.

Clean Air Action Plans

e Air quality action can be driven by dedicated Air Quality
Action Plans but also by integrating air pollution actions
into national and city development plans that guide
infrastructure development. The choice of adopting either
approach will depend on the local context. While both
approaches will yield positive effects, it is important to
explicitly consider emissions and exposure in all the plans
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and strategies, including urban planning instruments, as an
effective way to maximize health benefits.

e Ad-hoc experimental campaigns and research projects
highlight that, despite the diversity of city-specific
conditions, PM-related pollution is common factor to all of
them and should be prioritized.

e For countries and cities in which data and financial
resources are lacking, a strategic focus on sector-targeted,
short-term actions to reduce air pollution may be a
wise investment, even before the creation of long-term
monitoring and management capacity. Effective banning
of open burning, accompanied by a transition to a more
responsible recycling local industry, or improved fuel
standards may representillustrative ‘no regrets’ actions.

e Roadtrafficis akey sectorin all the cities analysed. Stronger
emission inspection schemes and interventions to promote
clean, affordable and efficient public transport must be
prioritized. In this context, soft mobility offers significant
health benefit potentials and it should be promoted in the
local agendas.

e  While rapidly growing cities pose a major challenge in
terms of mobility demand and resource consumption, this
also provides an opportunity to integrate air quality criteria
in the general urban planning of new settlements and city
enlargement.

Governance

e  While multi-level governance and planning may be
complicated at initial stages of air quality management,
it is a powerful combination that matches the multi-scale
reality of air pollution and may provide the most effective
and sustainable response in the long term.

e Switching to renewable energy sources constitutes an
example of national-scale strategy that will always report
local air quality co-benefits. A harmonized and coordinated
response to climate change and air quality is a pressing
need to meet national climate commitments and local air
quality standards.

e Itiskeytoimprove local governanceto achieverealchanges
by strengthening institutions and collaborations among
administrations, companies and other stakeholders. In
addition to official plans and strategies, there is a breadth
of projects and initiatives in collaboration with multiple
international organisms that would benefit from a closer
coordination. The creation of centralized emissions and air
quality departmentin the cities may facilitate the allocation
of responsibilities and an effective allocation of resources.

e  Public-private partnerships have demonstrated to be an
effective way to promote social developmentand air quality
improvement in the cities analysed. The case studies also
inform that involving actors of the informal economy is
essential to provide a consistent response to air pollution
and social issues in urban areas.

e  Amulti-national organism to coordinate national air quality
plans and measures into a common African strategy may
be instrumental to boost cooperation among countries,
share experiences, exploit synergies and to deal with

transboundary pollution issues. This may provide a fruitful
framework to exchange experiences and harmonize criteria
and methodologies.

Although information regarding emissions and air quality data
in African cities is limited, the findings of this paper support
the urgency to advocate form immediate action. Improving air
quality in Africa involves addressing sprawling, dysfunctional
cities, and urban planning in the context of a wider social and
environmental considerations since poverty and air pollution
are closely intertwined and the causes of social inequity and
environmental deterioration must be dealt with consistently. The
magnitude of the challenge requires long-term collaborations
with international institutions, the private sector and the civil
society at large. This applies to the scientific community as well.
Cooperation among African universities and research groups
would be instrumental to fill knowledge gaps and support better
informed policies.

Note

An earlierversion of this paper was presented at the International
Conference on Air Quality in Africa (ICAQ’ Africa 2022) in October
2022 and was published in its Proceedings.
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Table 2: Status of progress in addressing air quality & promising practices. Colours indicate the stage of development: green=mature,
yellow=intermediate and red=early. Source: UN Habitat, 2023
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.y Air Quality
Information ErEEATE
System §SAAQIS) Plan along with
and National
. many other
Association for national and
Clean Air (NACA) k
local strategies
National
Centre de Gestion development
de la Qualité strategy (ESP)
de l’Air (CGQA) and several

relevant local
instruments but
no specific AQ
strategy

oficial AQ data,
forecast and
information

Clean Air Nairobi Air Quality Action

platform to Plan (2019-2023),
share AQ data. complementary
Small-scale to other local and
demonstrative national relevant
projects plans

Governance

Comprehensive
legal and
institutional
framework. Lack
of integration
and operational
capacity

Poor ministerial
coordination and
lack of a clear
institutional
framework

for local AQ
management

Multi-level
distribution of
competences
and profuse
regulation. Lack
of centralized
local AQM
authority

Comprehensive
strategy to keep
strengthening
administrations
and increase
cooperation.
Limited
integration.

Instruments
and structures
available.
Institutional
weakness and
corruption
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Abstract

Aliphatic hydrocarbons in PM, , samples from a residential area of Lagos, Nigeria, were quantified using a Curie-point pyrolysis-gas
chromatography-mass spectroscopy (CPPGC/MS). The total concentrations of yn-alkanes (C, -C, ), hopanes (3,Hopanes), and steranes
(2,Steranes) ranged from 1.8 to 146.6 ng m~ (avg. 43.6 + 35.1 ng m*), 0.0 to 89.9 ng m* (avg. 18.7 + 25.9 ng m*), and 0.0 to 26.0 ng m*
(avg. 3.3 £6.7 ng m?), accounting for 0.2%, 0.1%, and 0.01% of the total PM, . mass concentrations, respectively. They also accounted
for, 1%, 0.4% and 0.1% of the organic matter content, respectively, making them non-negligible component of the organic matter in
this region. An evaluation of the n-alkanes source diagnostic indices revealed that engines powered by gasoline and diesel were the
main sources of particulate matter aliphatic hydrocarbons in this area of Lagos, consistent with the results obtained from steranes
and hopanes profiles. Based on the air mass trajectories, both local and regional air mass transports showed a significant influence on
the amounts of carbonaceous materials and aliphatic hydrocarbon compounds arriving at the study site. The results from this study
established the occurrence of anthropogenic air pollution in Lagos residential area with a major contribution from petrogenic sources.

Keywords

ambient air quality, anthropogenic contaminants, n-alkanes, hopanes, and steranes

Introduction

Atmospheric particulate matter (PM) with an aerodynamic
diameter of 2.5 um or less (PM,,) is considered a major
contributor to severe air pollution and has significant impacts
on human health, atmospheric visibility and climate (Russell
and Brunekreef, 2009; Javed et al., 2019; Tian et al., 2020; Sun
et al., 2021). The composition of PM, , is very complicated and
includes organic carbon (OC) and elemental carbon (EC), often
referred to as carbonaceous components, trace metals, inorganic
salts and some specific organic compounds such as aliphatic
hydrocarbons including n-alkanes, steranes and hopanes,
n-alkanoic acids and polycyclic aromatic hydrocarbons (PAHSs)
(Mandalakis et al., 2002; Javed et al., 2019; Sun et al., 2021).
However, the most prevalent and significant class of organic
compounds in the atmosphere are the aliphatic hydrocarbons
(Fu et al., 2008; Ren et al., 2016; Boreddy et al., 2018). Due to
their specificity, hydrophobicity, and prolonged persistence in
the environment, these aliphatic hydrocarbon compounds have

been used as organic molecular markers for pollution source
identification (Simoneit et al., 1991; Mudge and Duce, 2005;
Andreou et al., 2007; Javed et al., 2019; Sun et al., 2021). For
example, n-alkanes primarily come from both anthropogenic
and biological sources, such as petroleum residue, diesel engine
exhaust (Simoneit,1984), and biomass burning (Simoneit and
Elias, 2000, 2001), and also from terrestrial plant wax, fungi,
bacteria, algae, and plankton (Brown et al., 2002). Additionally,
plant wax n-alkanes are employed directly as a proxy for both
the atmospheric transport and genesis of organic aerosol (OA) in
the atmosphere (Tang et al., 2006; Lyu et al., 2017). Hopanes and
steranes are ubiquitous in crude petroleum and are enhanced in
the lubricating oils used in diesel and gasoline-powered motor
vehicles, and their existence in the environment confirms the
contribution of the burning of fossil fuels in the area (Simoneit
et al., 2004; Rushdi et al. 2017; Javed et al., 2019). EC is mainly
emitted from anthropogenic combustion sources, whereas
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0C, as a complex mixture of many groups of compounds, has
both primary and secondary origins. Primary organic carbon
(POC) is generated during the combustion process, while
secondary organic carbon (SOC) is produced in the atmosphere
through the gas to particle conversion processes of volatile
precursors. Exposure to high levels of these urban carbonaceous
components has been linked with cardiovascular mortality and
morbidity (Samara et al., 2013).

At present, improving the ambient air quality is one of Lagos's
greatest environmental challenges. Studies relating to the
PM, . pollution status in Lagos have been reported by various
authors (Ezeh et al., 2012; Obioh et al., 2013; Owoade et al., 2013;
Ezeh et al.,, 2014; Alani et al., 2019; Zeng et al., 2019). However,
reports have focused on the mass concentrations and elemental
characterisation of PM, ., while information on specific organic
compound classes such as aliphatic hydrocarbons in PM, , that
can be utilised as source markers in identifying the primary
sourcesoforganicaerosols (OA) areveryscarce. Forinstance,Ezeh
etal. (2012) and (2014) determined PM, . mass concentrations at
different locations in Lagos during the rainy season. Although
their results showed that PM,, mass concentrations were
below the World Health Organization (WHO) limit of 25 ug
m3, they argued on the basis of correlation and enrichment
factor analyses that most trace elements in PM_, originated
from anthropogenic sources. Similarly, Owoade et al. (2013)
determined the PM, , mass concentrations from different classes
of receptor sites in Lagos. They showed that some residential
areas have higher PM, _ levels due to contributions from local
sources and transport of pollutants from neighbouring sites
more than industrial areas. Common anthropogenic sources
for PM,, in their study include traffic-related, traffic emissions,
marine salt, and industrial emissions based on the principal
component factor analysis (PCFA) of the detected elements.
More recently, Zhen et al. (2019) reported the chemical
characteristics of PM,, based on PM, . mass concentrations, OC,
EC, water-soluble ions and elemental compositions. According
to their results, PM_ , pollution was higherin Lagos than in Hong
Kong. They also found that vehicular emissions contributed the
most to PM, . pollution.

Aliphatic hydrocarbon compounds have been used in other
parts of the world to identify the main sources of PM,, pollution
and to understand the important impact of regional transport
on the characterisation of PM,, (Andreou et al., 2007; Javed et
al., 2019; Sun et al., 2021). For instance, Andreou et al. (2007)
investigated the organic chemical composition of PM, . in
Athens to determine the emission sources. They found that all
samples in Athens contained n-alkanes, biomarkers for fossil
fuels, and a mixed origin (petrogenic and biogenic) of Athenian
PM, . Vehicular emissions were the main source of aliphatic
hydrocarbon compounds, with biogenic sources contributing
less. Recently, Sun et al. (2021) determined the sources of PM,_ -
associated PAHs and n-alkanes in Changzhou, China. Their
results showed that biogenic sources are the main source of
n-alkanes and PAHs in PM, .. The authors also observed that
variations in the concentration of n-alkanes and PAHs from

different air mass transports were not consistent with the
changes in PM, . mass, and concluded that regional transport
has important effects on the characterisation of PM, .. This study
therefore aimed at determining the PM,, mass concentration
and characterising the chemical composition of PM, , collected
at a residential location in Agege area of Lagos, Nigeria. The
chemical analysis included the elemental carbon (EC), organic
carbon (OC), aliphatic hydrocarbon compounds comprising
of n-alkanes, hopanes and steranes. The impact of local and
regional air mass transports on the amount of PM, , elemental
carbon (EC), organic carbon (OC), and aliphatic hydrocarbon
compounds arriving at the study site was also assessed using
the air mass trajectory analysis. In addition, the sources of PM_,
pollution were identified based on the molecular diagnostic
indices of n-alkanes, hopanes and steranes profiles. It is
expected that this work will provide useful information on the
characteristic nature of PM, , and in particular the sources and
profiles of aliphatic hydrocarbons in PM_ , in residential areas of
Lagos, which is currently scarce.

Materials and methods

Description of sampling site

The sampling site was an urban residential area located at
3/5 Morenike Carena Close, Orile Agege, Lagos (6.635008N
and 3.302543E). The site was located within the city, and thus
the anthropogenic emissions from various sources was quite
high. Lagos is the former administrative capital of Nigeria,
and the biggest metropolis in West Africa with a population
of over 21 million (Alani et al., 2019). It remains the economic
and industrial hub of the nation, where a range of activities are
taking place that might be detrimental to the city’s air quality.
Lagos is susceptible to particulate matter pollution arising from
vehicular traffic, diesel and gasoline generator emissions, open
dumpsites, illegal waste burning, infrastructure construction,
and household cooking using polluting fuel and stoves (Ibitayo
2012; Oseni 2016; Adegboye 2018; Adam 2018; Ozoh et al., 2018).

Sample collection

Thirty-six (36) PM,, samples (24-h samples) and blank samples
(4) were taken between June and July 2021 during the peak
of the rainy season to provide an overview of the extent of the
impact of the rainy season on the PM,, mass concentrations
and aliphatic hydrocarbon compounds characteristics in PM, .
Samples were collected on high-purity quartz fibre filters
(® = 47 mm) using a low-vol "Gent" stacked PM, air sampler
(Maenhaut et al., 1994). The device was placed at a height of 4.65
m above the ground to minimise blockage of air parcels from
surrounding buildings and was operated at a constant flow rate
of 18 L/min. The samples were stored in a refrigerator at 5°C
and subsequently cooled in a container packed with frozen ice
packs and transported to TROPOS in Leipzig, Germany within 24
h. Upon arrival, the samples were stored in the freezer at -20 °C
prior to laboratory analysis.
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Gravimetric and organic/elemental
carbon (OC/EC) analysis

The mass of the PM,  samples were quantified using a
microbalance (Mod. AT261 Delta Range, Mettler-Toledo) after
being allowed to equilibrate in the weighing room for 72 h
under a climate-controlled conditions (temperature: 20 + 1 °C
and relative humidity: 50 + 5%) before and after sampling. To
determine the mass concentration, the weight difference of the
filters before and after sampling was computed and divided
by total sampling volume. Organic carbon and elemental
carbon were analysed using a thermo-optical method (Sunset
Laboratory Inc., USA) at a maximum temperature of 850 °C using
the normalised temperature programme EUSAAR2 (EUropean
Supersites for Atmospheric Aerosol Research) as described in
the literature (Cavalli et al., 2010; Yttri et al., 2019). The method
is in accordance with the standard proposed by the European
networks (ACTRIS, EMEP). Samples were thermally desorbed
from the filter medium under an inert He atmosphere followed
by an oxidising 0,-He atmosphere, under carefully controlled
heating ramps. A flame ionisation detector was used to quantify
methane after catalytic methanation of CO,. With the EUSAAR2
protocol, different OC fractions in an inert atmosphere (He)
were measured at 200°C for 120s, at 300°C for 150s, at 450°C for
180s and at 650°C for 180s. Subsequently, the EC fractions were
measured in an oxidising atmosphere (0,-He) at 500°C for 120s,
at 550°C for 120s, at 700°C for 70s and at 850°C for 80s (Cavalli et
al., 2010). Lower OC/EC ratios are usually the result of charring
processes' tendency to overestimate the EC and underestimate
the OC. In order to adjust for the charring process, an optical
correction was used. A laser with a wavelength of 678 nm was
used to measure the sample's transmission in order to calculate
the optical correction for charring for pyrolytic carbon. For OC
and EC measurements, the detection threshold was 0.2 pg cm=.

Turpin and Lim (2001) evaluated organic matter (OM) using the
conversion factor fOM/OC. The organic matter was around twice
as much as the organic carbon (OM = 2.1 x OC). Because the
conversion factor varies depending on the specific conditions
at each site, the factor fOM/OC = 2.1 is recommended as it also
takes the age of the aerosol into account (Turpin and Lim, 2001).
Thus, the OM in the present study was estimated accordingly.
The POC content can be estimated using EC as a tracer by
multiplying the minimum OC/EC ratio determined for the entire
study period by the EC content as follows (Huang et al., 2012;
Deabji et al., 2021):

POC = (0C/EC),, % EC (1)

Consequently, the amount of SOC that contributes to total
organic carbon can be determined as the difference between the
concentrations of primary and secondary organic carbon using
the following equation (Huang et al., 2012; Deabji et al., 2021):

SOC=0C-POC (2)

Organic compounds analysis
The analysis of aliphatic hydrocarbon compounds such as
n-alkanes (C,-C,), hopanes, and steranes were carried out

using a Curie-point pyrolyser (JPS-350, JAl Inc., Japan) coupled
to a gas chromatography-mass spectrometry system (6890 N
GC, 5973 inert MSD, Agilent Technologies, CA, USA). A detailed
description of the analytical procedures has been previously
documented (Neusiiss et al. 2000). Briefly, filter aliquots
were spiked with a solution of internal standards, including
perdeuterated tetracosane-d,; (C,,-D,) and dotriacontane-d,
(C,,-D,,)- Two circular filter punches (6 mm; 56.5 mm?) from each
sample were then coated with an alloy of iron and nickel (50%
Fe; 50% Ni) and immediately evaporated in a pyrolysis chamber
at 510 °C for 4 sin a helium environment. The compounds were
separated using a capillary column coated with a stationary
phase of 5 % phenyl-arylene and 95 % dimethylpolysiloxane
(ZB-5MS, 30 m x 0.25 mm i.d. x 0.25 pum film thickness). The GC
and MS conditions had been previously described by Khedidji et
al. (2020). Individual compounds were identified by comparing
the mass spectra with literature and library data and validated
with standard compounds. Internal calibration was performed
using the respective internal standards. The GC-MS data were
acquired using dedicated software (ChemStation) from Agilent.
For each compound analysed, the sample concentration was
calculated by subtracting the average concentration of the blank
filter from the measured concentration in the sample.

Molecular diagnostic ratios
To investigate the origin of the n-alkanes in the PM,  samples,
the following diagnostic ratios were used.

The carbon preference index (CPI): CPI is a diagnostic technique
that depicts the relationship of proportionality between alkanes
with odd and even carbon chains in a given sample. Based on
several studies (Bray and Evans, 1961; Simoneit et al.,1991,;
Boreddy et al., 2018), the CPI for n-alkanes (odd to even ratio) in
the PM, , was calculated as follows:

_ Yodd (€21 - €33)

cPr= Yeven (C20 — C34)

(3)

The average chain length (ACL): ACL is based on the prevalence
of odd high homologs. It is estimated as the mean number of
carbon atoms per molecule (Caumo et al., 2020). ACL has been
used to identify the origins of n-alkanes in a given sample
(Kawamura et al., 2003; Boreddy et al., 2018; Caumo et al., 2020),
and based on these studies, the ACL for n-alkanes in PM,, was
obtained according to the following equation:

[25(C25) + 27(C27) +29(C29) + 31(C31) +33(C33)]

AcL= [C25 + C27 + C29 + C31 + C33]

Odd-even predominance (OEP): The odd-even computation
also known as the odd-even carbon number by dividing the
concentration of odd-numbered n-alkanes by the concentration
of even-numbered n-alkanes as follows:

opp _ C2L+6(C23) +C25
= a2zt ) ©)
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Air mass back trajectory

96-hour air mass back trajectories for each sample collection
time interval were determined using the HYSPLIT model version
5 (www.ready.noaa.gov/HYSPLIT_traj.php, last use February
2023, Stein et al., 2015) to evaluate the origin of the PM, , during
the sampling period. The choice of using 96-h was to provide a
representation for fine mode particles (PM,,) that have longer
atmospheric lifetimes as coarse mode particles. The Global Data
Assimilation System meteorological data set was used for the
HYSPLIT trajectory calculations with a 1°-degree grid size. The
obtained trajectories were further processed using the r studio
software open-air package (https://davidcarslaw.github.io/
openair) for graphical presentation. The computed trajectories
also contained information of the air mass history, its residence
time (average time the air parcel stays over a given grid cell or
geographical landscape during its transport prior to arrival at
the receptor site) over given geographical landscapes, different
mixing depts (height at which the potential temperature of the
air mass starts to change), radiation and general meteorology
information that the air mass experienced during its transport.
Using the trajCluster function of the open-air r package,
a cluster analysis of the total determined trajectories was
performed. Here, the trajectories were grouped according to the
least Euclidian distance between the trajectory’s points. After
several iterations amongst pairs of trajectories, the average
trajectory representative of the minimum distance between
the trajectories with a low total spatial variance (TSV) was
determined and assigned as a cluster. The equation applied to
determine the Euclidian distance (d (1,2)) between two points
of two trajectories 1 and 2 at positions (X1, Y1) and (X2, Y2)
respectively, is given as (Stein et al., 2015):

dl'z = (Z?=1 ((Xli = XZ:')Z + (Yli = YZI))Z) 1/2 (6)

The selection of the final number of clusters involves a
mathematical process wherein the total spatial variance is
compared with the model estimated number of clusters. The
level at which a change in the number of clusters significantly
increases the TSV is considered as the point of the optimum
number of clusters for the total evaluated back trajectories.
In this study, 5-cluster solution provided a reasonable spatial
representation of the entire computed trajectories and was
considered the best solution of this analysis. The clusters
were labelled C1 to C5 and were assigned to each sample. The
samples chemical composition including their PM, . mass was
averaged according to their respective clusters and the relative
contributions of the clusters to the chemical components were
evaluated.

Results and discussion

PM, ., mass concentration and its

carbonaceous components
Table 1 summarises the 24-h average PM, , mass concentrations
and its carbonaceous chemical components for the sampling

period (June to July 2021). The 24-h PM, _ mass concentrations
ranged from 8.7 to 56.5 pg m= (avg. 27 + 11.1 ug m=), surpassing
the daily threshold of 15 ug m= recommended by World Health
Organisation (WHO, 2021). The OC concentration ranged from
1.0t0 4.9 ug m3(avg. 2.2+ 1.0 pg m*). On average, OC accounted
for 8% of the total PM,, mass and contributed 73% of the
carbonaceous aerosol while the majority of OC consisted of POC
(68%), indicating that the OC was a crucial component of PM,
and the primary emission sources of OC in the study area need
to be controlled. The EC concentration ranged from 0.4 to 1.8 ug
m- (avg. 0.8 £ 0.3 ug m3). On average, EC constituted about 3%
of the total PM,, mass. Though this value could be viewed as
only a small portion of ambient PM_,, EC has been recognised
as a crucial sign of unfavourable health impacts (Janssen et al.,
2011). With a correlation value of r2 = 0.81 (Fig. 1a), OC and EC
demonstrate a strong relationship, indicating that the majority
of the OC at the site was produced as a primary aerosol with
EC. This revealed that EC and OC, as well as the precursor that
resulted in SOC formation, could have an identical source. The
positive bi-modal correlation (r? = 0.76 and 0.40) between SOC
and EC indicated that the primary combustion sources have an
influence on the generation of SOC (Fig. 1b), and also suggested
two distinct associations such as sources or atmospheric
processes linking the two different carbonaceous components.
The OC/EC ratios ranged from 2 to 5.1 ug m* (avg. 2.9 + 0.7 g
m?3). Hildemann et al. (1991), reported 2.2 pg m= for light-duty
gasoline vehicles while Cao et al. (2005) observed 4.1 pg m3
for vehicle exhaust. This suggested that the most probable
common source of PM_, emission in the area was gasoline-
powered engines. Generally, OC/EC ratio > 2 is an indicator of
SOC formation in the atmosphere (Javed et al., 2019).

Table 1: Summary of 24-h average PM, ,, and carbonaceous constituents
(ug m®) in Lagos, Nigeria

Minimum Maximum  Average Ztei?:tai;:
PM, mass 8.7 56.5 27.0 11.1
EC 0.4 1.8 0.8 0.3
ocC 1.0 4.9 2.2 1.0
OC/EC 2.0 5.1 2.9 0.7
POC 0.8 3.7 1.5 0.7
SocC 0.0 1.7 0.6 0.5
oM 2.2 10.3 4.5 2.1

n-alkanesin PM_,

The concentrations of aliphatic hydrocarbons detected in
the PM,, samples from the residential area in Lagos and the
molecular diagnostic indices are presented in Table 2. The
aliphatic fraction of the PM,, was dominated by n-alkanes
from C,, to C,,, and maximizing at C,,, followed by C,. and C_,
respectively (Fig. 2). The total concentrations of the n-alkanes
¥(C,,-C,,) in the samples ranged from 1.8 to 146.6 ng m? (avg.
43.6 + 35.1 ng m?) (Table 2). On average, n-alkane contributed
0.2% and 1.0% of the total PM,, mass and OM budget,
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Figure 1: (a, left) Plot of OC versus EC, and (b, right) EC versus SOC showing the relationship between the parameters. Samples with the same colour
indicate a similar association (source or atmospheric processes).

Table 2: Aliphatic hydrocarbon concentrations (ng m?) and molecular indices of n-alkanes in PM, , from a residential area in Lagos, Nigeria

Maximum Average Standard deviation
146.6 43.6 35.1
2.3 0.7 0.5
30.8 25.7 1.6
19 0.5 0.5
22.1 4.4 7.0
31.7 5.6 8.9
89.9 2.9 15.1
14.1 1.9 3.7
89.9 18.7 25.9
3.1 0.3 0.8
15.1 1.7 3.9
7.9 1.3 2.1
26.0 3.3 6.7

Compound Minimum
Yn-alkanes (C,-C,,) 1.8
Indices

CPI 0.0
ACL 25.0
OEP 0.0
Hopanes

17a(H), 21B(H)-30-Norhopane 0.0
17a(H), 21B(H)-Hopane 0.0
17a(H), 21B(H)-22S-Homohopane 0.0
17a (H), 21B(H)-22R-Homohopane 0.0
ZAHopanes 0.0
Steranes

a, a, a 20R-Cholestane 0.0
a, B, B (20R 24S)-24-Ethylcholestane 0.0
a, a, o (20R 24S)-24-Ethylcholestane 0.0
3, Steranes 0.0

respectively, indicating a sizeable portion of the ambient PM_ ,
and organic matter concentration in the area. A comparable
range of total n-alkanes concentrations in PM, were recently
found in densely populated and traffic-intensive city of Beijing,
China (4.51-153 ng m*) (Yang et al., 2023), but higher than the
average total concentrations recorded in PM,  in a residential/
commercial area in Doha, Qatar (8.04 + 7.74 ng m*) (Javed
et al., 2019), an urban residential area (Aglantizia) in Nicosia,
Cyprus (13 + 12 ng m?3) (lakovides et al., 2021), and roadsides
in Lisbon, Portugal (22.4 + 17.9 ng m3 in winter and 23.3 + 2.83
ng m= in summer) (Alves et al., 2016). In contrast, the average
total concentration of n-alkanes obtained in this work was lower
than some urban cities in China (Changzhou: 252.37 + 184.02
ng m?; Nanjing: 205 ng m?; Changchun: 209 ng m3; Shanghai:
259 ng m?in PM_ ) (Wang et al., 2006; Haque et al., 2019; Sun

et al.,, 2021) and Hong Kong (195 ng m*) (Wang et al., 2006).
The prevalence of low carbon number (C,-C,) in the aerosol
particles showed a predominance of anthropogenic sources,
such as incomplete combustion of fossil fuels (Zhang et al.,
2018). Fossil fuel-derived n-alkanes with the dominant of C,,
and C,, homologs are considered to be from gasoline engines
while C, -dominated n-alkanes are regarded as from heavy and
medium-duty diesel engines (Rogge et al., 1993; Schauer et al.,
1999). The preponderance of C,, and C, in the samples (Fig. 2)
showed that anthropogenic emissions resulting from gasoline
and diesel engines were probably the dominant sources of
n-alkanes in the area under study.

The carbon preference index (CPI) values calculated from
n-alkane distribution have been extensively employed as
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Figure 2: Average concentrations of n-alkanes in the PM, . samples.

a source marker in aerosol samples (Simoneit et al., 1991,
Andreous et al., 2008; Alves, 2008; Alves et al., 2016; Boreddy
et al., 2018; Sun et al., 2021). The CPI values obtained from
n-alkane distribution ranged from 0.0 to 2.3 (avg. 0.7 + 0.5)
(Table 2). CPI values close to 1 were attributed to pollution
from petrogenic sources, while values above 3 were attributed
to biogenic sources (Omar et al., 2007; Alves, 2008). Based on
the average CPI value determined in this work, the n-alkanes
in PM,, originated mainly from a petrogenic source. The ACL
has also been effectively used to pinpoint aerosol pollution
sources (Boreddy et al., 2018; Caumo et al., 2020). The ACL
index for n-alkanes in the present PM,, samples ranged from
25.0 to 30.8 (avg. 25.7 £ 1.6) (Table 2); the wide variation in the
index suggested that the primary source of n-alkanes in PM,
stemmed from petrogenic contamination (Jeng, 2006). The
OEP is an efficient tool that can give details about the various
n-alkane sources (Ladji et al., 2009). The OEP results computed
from the n-alkanes in the PM, , samples ranged from 0.0 to 1.9
(avg. 0.5 £ 0.5) (Table 2). In general, OEP values of less than 1.3
are attributed to contamination by crude oil (Scalan and Smith,
1970). The low average OEP value suggested aerosol pollution
arising from petroleum sources (Scalan and Smith, 1970; Sojinu
etal, 2012).

Hopanes and steranes in PM_,

The concentrations of hopanes and steranes detected in
the PM,, samples during the entire campaign period are
listed in Table 2. Four (4) hopanes including 17a(H),213(H)-
30-norhopane, 17a(H),21B(H)-hopane, 17a(H),21B(H)-22S-
homohopane, and 17a(H),213(H)-22R-homohopane and
three (3) steranes including a, a, a 20R-Cholestane, a, f3,
B (20R 24S)-24-Ethylcholestane and a, a, a (20R 24S)-24-
Ethylcholestane, were detected in the PM,, samples (Table 2).
The total concentrations of hopanes (34 hopanes) and steranes
(23 steranes) varied from 0.0 to 89.9 ng m* (avg. 18.7 + 25.9 ng
m-) and 0.0 to 26.0 ng m* (avg. 3.3 + 6.7 ng m=3), respectively,
in PM, . On average, hopanes accounted for 0.1% and 0.4% of
the total PM,, and OM, while steranes contributed 0.01% and
0.1% of the total PM_, and OM, respectively, making them a non-
negligible part of the organic matter content in the study area.
The average total hopanes and steranes concentrations in this
study were higher than those reported in PM,  in a residential/
commercial area in Doha, Qatar (0.521 + 0.677 ng m=) and (0.162
+0.25 ng m?3), respectively (Javed et al., 2019). Similarly, lower

average hopanes and steranes concentrations were observed
in an urban residential area in Nicosia, Cyprus (0.83 + 1.04 ng
m=) and (0.27 + 0.39 ng m=3), respectively. The average hopanes
level in this study was likewise higher than those observed in
roadsides areas in Lisbon, Portugal in winter (1.71 + 1.55 ng
m-3), but comparable to those observed in roadside areas in
Lisbon, Portugal in summer (3.23 + 1.15 ng m?3) (Alves et al.,
2016). The presence of hopanes and steranes in PM, . samples
suggested fossil fuels combustion in the area (Simoneit et al,,
2004; Javed et al., 2019). The steranes were dominated by a, {3,
B (20R 24S)-24-Ethylcholestane (Table 2). The stereochemical
configurations at the C17 and C21 positions of hopanes are
frequently used to assess the thermal maturity levels of fossil
fuels, and have proved useful in evaluating the source of
hopanes in aerosol studies (Simoneit et al., 2004; Barakat, 2002;
Mikuska, Kfimal, and Vecera 2015; Javed et al., 2019). Hopanes
with configurations of 173(H), 213(H) are considered immature;
17B(H), 21a(H) are of low maturity while 17a(H), 21B(H) are fully
mature (Mikuska, Kriimal, and Vecera 2015; Javed et al., 2019).
The main homologs of hopanes detected in the samples were the
thermodynamically more stable 17a(H), 21B(H) configurations,
with a preponderance of the 17a(H), 21(H)-hopane compound
(C30af; 36% of total hopanes). This was followed by 17a(H),
21B(H)-norhopane (C29ap; 28%) (Fig. 3), a fingerprint for vehicle
emissions (Mikuska, Kfimal, and Vecera 2015; Javed et al.,2019).
The dominance of aff configuration indicated that atmospheric
contamination in the study area emanated from matured
petroleum. Again, the higher concentration of the 22S hopane
relative to the corresponding 22R epimer (Table 2; Fig. 3), further
supported the fact that the hopanes were primarily derived from
gasoline and diesel engine exhaust (Rushdi et al. 2017; Javed et
al., 2019). The enhanced levels of these petroleum biomarkers
(Barakat, 2002; Mikuska, Krimal, and Vecera 2015; Javed et
al., 2019), indicated a significant impact of petrogenic source
emission in the study area.

= 17a(H), 21B(H)-30-Norhopane
17a(H), 21B(H)-Hopane

= 17a(H), 21B(H)-225-Homohopane
17a (H), 21B(H)-22R-Homohopane

Figure 3: The percentage composition of hopanes in the PM, .
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Figure 5: 96-hours backward air mass trajectories arriving at the
sampling site during the sampling period in the rainy season.

Two strong positive correlations (r? = 0.96 and 0.90) were
observed between hopanes and steranes (Fig. 4a), indicating two
separate associations such as sources or atmospheric processes
linking the two different types of compounds. Hopanes and EC
have been used to allocate gasoline and diesel emissions (Yu et
al., 2011). Diesel engines are strong contributors to both EC and
hopanes, whereas gasoline engines are huge sources of hopanes
but only contribute moderate amounts of EC. As a result, diesel-
powered engines have substantially lower hopanes to EC ratios
than engines that run on gasoline (Yu et al., 2011). The ratio-
ratio plot of hopane (17a(H),21B3(H)-hopane) and norhopane
(17a(H),21B(H)-30-norhopane) obtained for PM, , in this study,
normalised by EC is shown in Fig. 4b, modified from Yu et al.
(2011). The plot corroborated the sources of hopanes as being
from diesel and gasoline engines due to the strong correlation
between the groups of compounds, which might have emanated
from vehicle emissions, motorbikes, and fumes emitted by
diesel and gasoline engines.

Air mass source regions

Asshownin Fig. 5, air masses originated from different regions of
the Atlantic Ocean crossing through various densely populated
areas in the coastal settlements in Lagos at different altitudes
before arriving at the site. The clusters C1 and C2, represent

44% and 25%, respectively, of the total air mass inflow during
the sampling period and were characterised by their different
origins, but with a similar profile in the mixing depth and
trajectory heights (air masses altitudes) close to their arrival at
the sampling site. C3 (13%) and C4 (15%) were representative
of air masses that spent more time over the Atlantic Ocean and
little time over terrain with C4 passing closer to the coast of
neighbouring Benin republic while C3 was confined within the
coast of Nigeria and originated from the Gulf of Guinea region.
C5 made up only about 2% of the trajectories but represented air
masses originating from the coastal area of Nigeria with higher
residence time over land and vegetation regions with low mixing
depth. These characteristics made it contributed significantly to
the composition of the particles at the sampling site.

Influence of source regions on PM, . mass

and carbonaceous components

Fig. 6 gives the quantified contributions of the different
directions of air masses to the PM,, mass and its carbonaceous
components. Interestingly, air mass for cluster 5 (C5) with few
episodes of air transports contributed more to PM, , mass (22%),
EC (21.4%), OC (24.7%), OC/EC (23%), POC (21.4%), SOC (32%),
and OM (24.7%) (Fig. 6a), as compared to air masses for clusters
1to 4 (C1to C4) which passed mainly through the Atlantic Ocean
before crossing the mainland to the sampling site. Cluster 5 after
emerging from the sea has a relatively long residence time in the
continental coastal areas of the Atlantic Ocean before returning
to the marine area and eventually crossing the mainland to the
sampling site. The relatively low mixing depth of the air mass,
high exposure to different continental environments and natural
vegetation during transports may have raised the levels of the
PM,, mass and its chemical components in the C5 trajectory
(Fig. 6b).

Influence of source regions on aliphatic
hydrocarbon compounds

The contributions of the differentdirection of airmassto aliphatic
hydrocarbon compounds are shown in Fig. 6. As previously
observed in the carbonaceous materials and PM,, mass
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Figure 6: (q, left) Plot showing the various contributions of different clusters to PM, . mass concentration, its carbonaceous components, and aliphatic
hydrocarbons, (b, right) Plot showing the average mixing depth, terrain, and natura[ vegetation of the air mass trajectories.

concentrations, cluster C5 with few episodes also contributed
significantly to the budgets of the aliphatic hydrocarbon
compound classes as compared to the other clusters. C5 air
mass contributed 70%, 50%, and 43% of steranes, hopanes,
and n-alkanes concentrations in this region, respectively. The
contributions of C1 and C3 were almost similar for the three
classes ranged between 12% and 18% for C1 and 9% to 15%
for C3. This was likely due to the similar trajectory routes the
air masses experienced before arriving at the sampling site. C4
contributed the least to the aliphatic compounds with relative
contributions ranged from 3% to 6% for steranes and n-alkanes,
respectively. High impact of steranes by long distant transport
(e.g., C5) indicated the stability of these compounds in the
atmosphere. The differences in the cluster contributions and
the stronger dominance of the C5 air mass can be ascribed to
the relatively low mixing depth of the air mass, less residence
time over the ocean, and high exposure to different continental
environments as well as natural vegetation during the air mass
transport in comparison to the C1 to C4 clusters. It was also
interesting to observe the similar contribution of C1 across the
components, indicating a constant influence of local sources
in this air mass trajectory. Transport over continental and
vegetated regions allowed local emissions to interact with the
transported air masses, resulting in enhanced levels of these
compounds in such air mass trajectories.

Conclusion

The total concentrations of jn-alkanes (C,-C,), hopanes
(3,Hopanes), and steranes (3, Steranes) determined from PM_
samples collected from a residential area of Lagos ranged from
1.8 to 146.6 ng m=, 0.0 to 89.9 ng m?3, and 0.0 to 26.0 ng m?,
amounting to 0.2%, 0.1%, and 0.01% of the total PM,, mass
concentrations, and 1%, 0.4% and 0.1% of the organic matter
contents, respectively. N-alkanes diagnostic indices, hopanes,
and steranes profiles showed that gasoline and diesel engines
were the major contributors to particulate matter pollution in
the studied area. Therefore, controlling gasoline and diesel
emission sources are key steps to minimising air pollution

in the area. Based on the air mass trajectories, the levels of
PM,,, carbonaceous materials, and aliphatic hydrocarbon
compounds arriving at the study site have been considerably
impacted by both local and regional air transports. This study
could help decision-makers and environmental stakeholders to
develop specific, focused, and efficient management strategies
for mitigating local air pollution challenges in Lagos, Nigeria.
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Abstract

Power generation is the second largest source of greenhouse gases (GHGs), particularly carbon dioxide (CO,), in Burkina Faso's energy
sector. When preparing the National Communications on Climate Change, Burkina Faso uses the default emission factors of the
Intergovernmental Panel on Climate Change (IPCC) to estimate emissions from power generation. This study presents an assessment
of CO, emission factors from power generation for 2018 in Burkina Faso and an assessment of the contribution of renewable energy to
the reduction of CO, emissions. The national electricity company of Burkina Faso was chosen as the scope for this study. The estimation
of emission factors for combustion is based on an analysis of fuels which are characterised in terms of molecular composition, density
and water content. For CO,, the emission factor is 76 903 kg/TJ for the combustion of Heavy Fuel Oil (HFO) and 73 525 kg/TJ for that of
Distillate Diesel Oil (DDO). Using these emission factors, the CO, emissions attributable to power generation in 2018 were estimated
at almost 580 Gg. The CO, emission factor for thermal power generation was estimated at 0.663 kg/kWh and that of the electricity
generation mix at 0.569 kg/kWh. Finally, the use of 14.25% renewable energy in electricity generation avoided 16.7% of CO, emissions
in 2018. The emission factor of electricity production decreases with the increase in the share of renewable energy in the energy mix.

Keywords

power generation, greenhouse gases, emission factor, carbon dioxide, thermal generation.

Introduction

Increasing anthropogenic emissions of greenhouse gases
(GHGs), particularly carbon dioxide (CO,), are the main cause
of global warming (IPCC 2021). In 2019, the Intergovernmental
Pannel for Climate Change (IPCC) estimated global net
anthropogenic GHG emissions (75% of which was attributed
to CO, emissions) at 59 GtCO,-eq (IPCC 2022). GHG emissions
from anthropogenic sources come from several sectors of
activity, including the energy sector. In the energy sector, GHG
emissions come mainly from the use of primary fossil fuels for
electricity generation and transport. According to a report by the
International Energy Agency (IEA), in 2018, energy-related CO,
emissions reached about 33.1 Gt, an increase of 1.7% compared
to 2017, the majority of which comes from electricity generation
(IEA, 2019).

In the face of climate change, reducing CO, emissions is a
major priority. An important step in the search for solutions to
reduce emissions is to identify the most significant sources of

GHG emissions. This is done through compiling an inventory
of GHG emissions on the one hand, and on the other hand, the
development of programmes to reduce anthropogenic GHG
emissions through the reduced consumption of fossil fuels and
to increase the use of low GHG-emitting technologies such as
renewable energy sources.

The most commonly used method of calculating emissions
is based on emission factors (EFs), verifiable activity data and
global warming potentials (GWPs). The IPCC provides three
tiers for estimating GHG emissions from stationary sources in
the energy sector (IPCC 2006a): Tier 1 uses the fuel combustion
from national energy statistics and default emission factors.
Tier 2 uses the fuel combustion from national energy statistics,
together with country-specific emission factors where possible,
derived from national fuel characteristics. Tier 3 uses the
fuel statistics and data on combustion technologies applied
together with technology emission factors; this includes the use
of models and facility-level emission data where available.
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GHG emission factors depend on the characteristics of the
fuels including carbon content and calorific value (IPCC 2006a).
According to the IPCC, CO, emissions can be calculated at the
more detailed level provided that complete statistics on fuel
consumption and the typical carbon content of these fuels are
available, as combustion conditions are relatively unimportant
for the EF of CO, compared to that of CH, and N,O (IPCC 2006a).
The emission factor for electricity generation depends on the
country's electricity generation fleet and the fuel mix used. For
fossil fuel power plants, the efficiency of conversion of fuel to
electricity and the load factor both influence the GHG emission
rate during combustion (Spadaro et al. 2008).

Burkina Faso, a member of the United Nations Framework
Convention on Climate Change (UNFCCC) and a non-Annex
| country, is committed to reducing GHG emissions. Indeed, it
has prepared National Communications under the UNFCCC.
These Communications show that in 2015 the energy sector
was the second largest emitter of anthropogenic GHGs after the
Agriculture, Forestry and Other Land Use (AFOLU) sector (PRBA
2021). Burkina Faso's electricity production was the second
largest contributor to GHG emissions in the energy sector after
transport in 2015 (PRBA 2021, TCN 2022). GHG emissions from
the energy sector in Burkina Faso have an increasing trend from
1995 to 2015. Indeed, GHG emissions from the energy sector
have increased from 3.0% of Burkina Faso's total GHG emissions
in 1995 to 6.1% in 2015. (PRBA 2021). CO, alone accounts for
more than 99% of emissions from electricity production in
Burkina Faso in 2015 (PRBA 2021).

So far, Burkina Faso assesses its GHG emissions from electricity
generation using the IPCC default EFs (IPCC’s Tier 1 approach)
due to lack of country-specific (IPCC’s Tier 2 approach) or
technology-specific (IPCC’s Tier 3 approach) EFs. However, a
rigorous estimation of the sector's contribution requires more
refined EFs. It is therefore important to develop country-specific
EFs for the Burkinabe power generation sector. It is in this
context that this work focuses on the evaluation of the country-
specific CO, emission factors of electricity production in Burkina
Fasoin 2018 and the evaluation of the contribution of renewable
energies to the reduction of carbon dioxide emissions from the
Burkinabe electricity production sector.

Materials and methods
Study area

Burkina Faso, a West African country, is located between
9° 20' and 15° 05' North latitude and between 5°20' West
longitude and 2°03' East longitude and has a surface area of
273 187 km? According to the preliminary results of the Fifth
General Census of Population and Housing of Burkina Faso, its
population is estimated at 20.5 million (INSD 2022). Burkina
Faso is characterised by a tropical Sudanese climate. Burkina
Faso’s electricity network is composed of three subsystems:
generation, transmission and distribution. Electricity generation
is the subsystem that contributes most to anthropogenic GHG
and air pollutant emissions.

Table 1: SONABEL's electricity production by source in GWh in 2018 (ME,
2018a)

T
Source of Hydroelec- Solar photo- otal”

. Thermal .. . electricity
Production tricity voltaic .

generation
Production
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Electrical
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& byl T

Figure 1: Location of SONABEL's power plants in Burkina Faso in 2018

Sources and data collection

Data was collected from the Burkina Faso Ministry of Energy (ME
2018a, 2018b). The data collected covers 2018 and provides: i)
the annual electricity production of all power plants (thermal
and renewable), and ii) the amount of fuel consumed by thermal
power plants by fuel type. The national electricity company of
Burkina Faso (called SONABEL) is the main supplier of electricity
in Burkina Faso with 98% of the electrical energy delivered in
2018. Electricity production is made up of thermal, hydro and
solar power (Table 1). SONABEL's power production for 2018
was composed of 85.75% thermal energy; 8.95% hydroenergy
and 5.3% solar photovoltaic energy (SONABEL 2018). There
were nineteen (19) functional power plants in 2018 (ME 2018b)
(Figure 1).

Heavy Fuel Oil (HFO) and Distillate Diesel Oil (DDO) are the
petroleum products used to run SONABEL's thermal power plant
fleet. In 2018, thermal power plants consumed 186 805 t of fuel
(SONABEL 2018), 86.5% of this being HFO (161 586 t) and 13.5%
DDO (25219t). SONABHY is the only distributor of hydrocarbons
in Burkina Faso.

Methodology

In this study, only the emissions related to the electricity
production phase in 2018 are taken into account. The county-
specific characteristics of the fuel takes into consideration
the molecular structure and density of the fuel and the water
content of the HFO.

Molecular constituents by characterisation and elemental
composition by mass of fuels

A sample of the two fuels (see Figure 2) consumed by the
thermal power plants was taken from SONABEL's Ouaga Il
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thermal power plant and submitted for analysis in order to
determine the molecular constituents of Burkinabe DDO and
HFO. To prevent diffusion of hydrocarbon components, we used
black plastic film to wrap the bottles and stored them in a cool,
dark place at 20°C.

Figure 2: Photograph of HFO and DDO fuel samples

The samples analysis was performed by a Thermo Finningan
Trace 2000 Gas Chromatography Mass Spectrometry (GC-MS)
system. A DB-5MS column from Agilent (30 m, ID 0.25 mm, df 0.25
um) was used in the chromatograph. Aninitial oven temperature
of 40°C was maintained for 5 minutes, then the temperature was
increased at a rate of 10°C/min to a final temperature of 220°C
for 15 minutes. Sample were injected (split mode) in an injector
heated to 180°C. The MS transfer line was heated at 220°C and
the ion source was operated at 200°C, electron energy 70 eV.
American Chemical Society (ACS) grade reagents were used for
hydrocarbon compounds calibration (external calibration). Total
ion chromatogram (TIC) was used to identify compounds in the
samples then SIM mode was used for compound quantification.
Data were processed by Thermo Xcalibur 3.1 software.

If CXHyOZNuSt is the chemical formula of the fuel, then the values
of x,y, z, uand t are determined as the average value of the C, H,
0, N and S atoms of its constituents respectively.

PiZi ; u=zpiui ;b=

n n
i=1 i=1 i

.MS
NgE

I
=

n
xX= ) PiXi; yzzpiyi; z= piti (1)
=1

i

I
=Y

where p, is the mass fraction of component i contained in the
fuel and x,y,z,u. and t, represent the number of carbon (C),
hydrogen (H), oxygen (O), nitrogen (N) and sulphur (S) atoms in
component i respectively.

If MCxHyozNuSt is the molar mass of the fuel, then:

n

M, Hy0,N,S: = z i M; (2)

i=1

M, is the molar mass (in g/mol) of compound i present in the
fuel,i.e., MC=12; M,=1; M0=16; M,=14; MS=32

Experimental measurement of fuel density

The density of each fuel is determined experimentally by the
density meter method (Figure 3). This method is based on NF
T60-101 (Guillermic 1980). Given the high variability in HFO
characteristics, three samples from different origins (Cotonou,
Lomé and Abidjan) were taken and submitted for analysis. For
DDO, only one sample from Cotonou was submitted for analysis.
The equipment used consists of a 500 mL capacity graduated
cylinder; a 0.950 to 1 graduated density meter for HFO and 0.800
to 0.900 for DDO; a HANNA Checktemp digital thermometer
and a Stem. A volume of the fuel was taken from the 500 mL
test tube and then the thermometer and density meter were
inserted. After stabilisation of the density meter (about 15 to 20
minutes and without contact with the walls of the test piece),
the temperature (T) of the fuel and the measured density (d})
were read.

3
HFO (Cotonou)

HFO (Abidjan)
Figure 3: Measuring the density of each fuel

HFO (Lomé) HFO (Cotonou)

The following equation was used to estimate the density of HFO
and DDO at 15°C (Guillermic 1980):

di*=dl + A(T-15) 3)

where:

d3 is the measured density of the fuel at the temperature T;
di° is the density at 15°C; and,

A'is the density correction factor.

The table given by Guillermic (1980) for the choice of the
coefficient A was used. The density of HFO at 15°C was taken as
the average of all three samples.

Determination of water content

The determination of the water content was based on the NFT
60-113 standard (Guillermic 1980) (Figure 4). The water content
of HFO was determined by taking the ratio of the volume of
water contained in the fuel to the volume of the fuel considered.
A mixture of 100 mL of xylene (non-disposable solvent) and 100
mL of HFO taken with the test tube was first poured into the
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flask. Everything was stirred to obtain a homogeneous mixture.
Then, we heated the mixture. The water in the sample was
obtained by reflux distillation of the water-miscible solvent.
After condensation, water separates from the solvent (xylene)
and accumulates in the graduated recipe tube. Finally, the
volume of water contained in the tube was read.

Figure 4: The water content test protocol

Determining the higher and lower calorific values of fuels

The higher calorific value (HCV) or gross heat (Q) of combustion
of fuels consumed by thermal power stations (in cal/g) is
estimated using equation (4) given by Speight (2006) which
gives a fairly high accuracy of HCV with a deviation generally less
than 1%.

HCV = Q = 12 400 — 2100 d? (4)
Where: d is the 60/60°F specific gravity or density at 15.6°C.

The HCVin kJ/kgis obtained by multiplying the above expression
by 4.185 kJ.

In this study, the density at 15°C of the fuels is used to estimate
the HCV.

The lower calorific value (LCV) of fuels (in kJ/kg) is estimated
using equation (5) (Sawerysyn 1993):

LCV = HCV — my, oLy, (5)

where:

LCV: Lower calorific value of fuel consumed by thermal power
plants in power plants (kJ/kg)

HCV: Higher calorific value of the fuel (kJ/kg)

MH,0:Total mass of water in kg released by the combustion of
1 kg of raw fuel

L : the latent heat of vaporisation of water.

The total mass of water (MH,0) is estimated using equation (6)
(Sawerysyn 1993).

e - = WE L 9%H .
H20 = J00 " 100 (6)

where:
%E is the overall moisture content of the raw fuel; and,
%H is the hydrogen content of the fuel.

These different percentages are related to the unit mass of the
raw fuel. The following information was considered: 1 kcal =
4.185kJ and L =2.51 MJ/kg at 0°C (Ibrahim et al. 2006).

Method of quantifying CO, emissions

The following assumptions were applied:

e The oxidation factor (OF) of carbon was assumed to be
100%

e  The results of the HFO and DDO analyses were valid for all
fuels in the different thermal power plants.

e The CO, emission factors evaluated in this study are used to
quantify CO, emissions for 2018.

The CO, emissions from combustion were estimated using the
following equation (CITEPA 2020):

n
Bco, = ). Qe X LCV; X EFco, (7)
f=1

where:

ECO, is the total CO, emission from fuel combustion (in kg);

Q, is the quantity of fuel f (in kg); and,

EFCO, is the CO, energy emission factor for the combustion of
fuel f (in kg CO,/TJ or kgCO,/kWh).

The CO, energy emission factor for the combustion of fuel (f) was
calculated using the following formula (Ramphull & Surroop
2017):

EFCOZ,f = FECOZ,f = CE X OF x 3,667 (8)
%C
ET Lov; (®)
where:

%C is the carbon content in kg carbon/kg fuel;

OF is the oxidation factor;

3.667 is the ratio of the molar mass of CO, to that of carbon or
the conversion factor of C to CO,; and,

C, is the carbon content per energy of the fuel in kg/kJ or kg/GJ.

Assessment of the CO, emission factor of electricity
generation

The CO, emission factor of the electricity production of thermal
power plants was estimated as the ratio of the CO, emitted in
2018 to the thermal production in the same period.
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Where:

EF, is the CO, emission factor of thermal generation in kg CO,/
kWh; and,

E,. is the electricity production of thermal power plants.

The EF of the electricity generation mix was calculated by
averaging the EFs of the different electricity generation sources.

EFe1 = (EF,. Xn) + (EFny. Xny) + (EFpy . Xpy)  (11)

where:

EF, is the emission factor of electricity generation in the
electricity mix (in kg CO,/kWh) in 2018;

EF,, Ethand EF,, arethe CO, emission factors for thermal, hydro
and solar PV electricity generation (in kg CO,/kWh) respectively;
EF,, Eth and EF,, represent the ratio of thermal, hydoand
solar PV generation in the electricity generation mix (in kWh)
respectively for the period 2018.

Hydroelectricity and solar photovoltaic do not emit CO, during

the electricity generation phase. Equation 12 can thus be
simplified as folows:

EFe) = EFw - Xm (12)

The EF of CO, from electricity generation can be estimated using
the following formula:

Where:
E, being is the total electricity production from all sources in
kWh for the 2018 period.

Results and discussion

Constituents and mass composition of

fuels

1,2-dimethylcyclohexane (CH,) is the major molecular
component present in HFO (72%) followed by tetradecyl
cyclohexane (C,H,) (17%) (Figure 5). HFO contains mainly
cycloalkanes (or naphthenes) (89%) and small amounts of
organic nitrogen compounds and sulfur. No oxides are present
in HFO. The indeterminates in HFO are very high and this can
be explained by several factors including the source of the fuel,
as there are several varieties of heavy fuel oils. For DDO, the
main molecular componentis decane (C H,)) (71%) followed by

tetradecyl cyclohexane (C _H, ) (15%) (Figure 6). DDO contains

20 40
83.5% non-cyclic alkanes or paraffins and 15% cycloalkanes

or naphthenes. It is also noticeable that sulfides, nitrates and

oxides are not present in DDO. The indeterminates in DDO are
less significant than in HFO. Undetermined molecules (9%) in
HFO are linear and branched alkanes with low percentages for
each type of compounds. Thus n-alkane compounds are n-C10
(0.8%), n-C11 (0.7%), n-C13 (1.3%), n-C14 (2.2%), n-C15 (1.8%).
The branched alkanes are C14 (1.2%), C15(0.5%) and C16(0.5%).
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Figure 5: Molecular composition of HFO used for thermal power
generation in Burkina Faso
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Figure 6: Molecular composition of DDO used for thermal power
generation in Burkina Faso

Previous studies have shown that petroleum hydrocarbons
mainly contain paraffins, naphthenes, olefins and aromatic
hydrocarbons (Gruyer et al. 2015). Crude oil and refinery
products contain other elements such as sulfides (S), nitrates
(N), oxides (O) and some metals including nickel and vanadium
in low or trace concentrations especially the heavier fractions
(Guibet 1997). Moreover, in HFO (heavy fraction compared to
DDO), N compounds are present but in smaller quantities to
the S compounds. This was correlated in the sampled SONABEL
HFO and DDO results (Table 2).

Table 2: Elemental composition of HFO and DDO by mass and chemical
formula of fuels
Car-  Hydro- Nitro-
Fuel bon gen Sulfur gen Chemical formula

@ ® & w

HFO 8454 1513 0.22 011 Cg247H19.864N0.0150.009

DDO 84.85 1515 0 0 Ci1.7Has.07

The HFO consumed by thermal power plants contains a low
sulfur content. The estimated C, S and N content of HFO
and the C content of DDO are in line with the data provided
by Speight (2006) and within the limits given by Guillermic
(1980). The only exception is hydrogen for both fuels with a
mass fraction above 14%. Indeed, in the literature, the mass
fraction of hydrogen in petroleum fuels ranges from 10 to 14%

CLEAN AIR JOURNAL
Volume 33, No 2, 2023

115

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Technical article: Assessment of carbon dioxide emission factors from power generation in Burkina Faso

Page 6 of 10

(Guillermic 1980, Speight 2006). This observed variance may be
due to two reasons: i) differences in the origin of the oil and the
refining conditions, and ii) difference in the fuel characterisation
methodology. The results of the work of Kornelius et al. (2022)
on the analysis of liquid and gaseous fuels used in South Africa
gave a carbon content of 85.93+1.58% for Heavy Fuel Qil (HFO),
and 88.31+0.79% in the summer period and 87.00+£0.38% in the
winter period for diesel. We found a difference of less than 2%
between the carbon content value estimated in this study for
Burkinabe HFO and South African HFO. The carbon content of
sampled South African DDO was 3.92% and 2.5%, lower than
that of diesel (in summer and winter respectively) as estimated
by Kornelius et al. (2022).

Density and water content of fuels
The density of HFO at 15°C is the average of the densities of the
three HFO samples. It is evaluated at 0.964 kg/L (Table 3).

Table 3: Density of HFO and DDO at measured temperature and adjusted
to 15°C

Fuel HFO DDO
Provenance Cotonou Lomé Abidjan Cotonou
Temperature measured (°C) 28 29 29 29
Density d? (kg/L) 0977 0963 0927  0.827
Correction coefficient A 0.6x10° 0.6x10° 0.62x10° 0.68x10*
Density d3° (kg/L) 0985 0971 0935  0.837

According to Gruyer et al. (2015), most hydrocarbons have
densities between 0.7 and 0.99 kg/L at 15°C, and the calculated
density for HFO and DDO are found to be in this range. In their
work, Kornelius et al. (2022) found a density of 0.994+0.12
kg/L for HFO and 0.826+0.002 kg/L and 0.825+0.002 kg/L for
diesel used in South Africa in the summer and winter periods,
respectively. The density of DDOis 1.3% higher than that of diesel
evaluated by Kornelius et al. (2022). HFO from Cotonou and
Lomé are comparable to that from South Africa. The estimated
density for HFO is in line with data from Wauquier (1994) and
IPCC (2006b). Indeed, the density of HFOs is higher than 0.920
kg/L at 15°C (Wauquier 1994) . For the IPCC, the density of heavy
residual fuels, including those obtained by blending, always
exceeds 0.90 kg/L.

In 100 mL of HFO, the volume of water measured is 0.05 mL,
i.e. a water content of 0.05%. This result shows that the HFO
consumed by SONABEL's thermal power stations has a very
low water content. For DDO, the water content is considered to
be zero because it is a cleaner fuel than HFO and even closer
to diesel oil and its visual appearance shows that it contains no
traces of water.

Higher and lower calorific values of fuels
The total mass of water released by burning 1 kg of HFO is
1.3622 kg and for DDO it is 1.3635 kg. The HCV/LCV ratio is
approximately 1.084 for HFO and 1.081 for DDO (Table 4). In this

study, the difference between HCV and LCV relative to HCV is
about 7.5% for DDO and 7.8% for HFO. In general, calculationsin
the literature for different fuel categories show that the relative
difference between HCV and LCV relative to HCV is in the order
of 2-4% for coals, 5-8% for fuel oils and 0-15% for gaseous
fuels (Sawerysyn 1993), and for the IPCC the LCV is about 5%
lower than the HCV for coal and oil and 10% lower than the
HCV for most forms of natural gas (IPCC 2006b). The estimated
difference between HCV and LCV in this study is between 5 and
8%, a range given for fuel oils (Sawerysyn 1993).The LCV of HFO
is slightly lower than the IPCC LCV for residual fuel oil. As shown
in Table 4, the LCV of HFO is in the range of the LCV of residual
fuel oils provided by the IPCC (39.8 and 41.7 TJ/Gg). Ramphull
& Surroop (2017) estimated an LCV value of 40.6 MJ/kg for a
viscosity of 380 cSt HFO and 41.1 MJ/kg for a viscosity of 180 cSt
HFO consumed in Mauritius. For HFO with a viscosity of 180 cSt,
the difference is less than 2%. The LCV of DDO (42.31 MJ/kg) is
very close to that estimated for Mauritian diesel (42.3 MJ/kg) by
Ramphull and Surroop (2017).The LCV of DDO is slightly lower
than the IPCC LCV for diesel (with the estimated difference being
1.63%). The LCV of DDO is within the IPCC range of diesel LCV
(41.4-43.3 MJ/kg). Itis very close to that estimated by Ramphull
& Surroop (2017) for diesel (42.3 MJ/kg). The calorific values
evaluated for DDO are respectively close to those evaluated for
diesel by Kornelius et al (2022). Indeed, the latter found the HCV
to be 45.93+0.09 MJ/kg (45.85+0.043 MJ/kg) and the LCV to be
43.05+0.07 MJ/kg (42.99+0.033 MJ/kg) for diesel used in South
Africa during the summer (winter) period. According to CITEPA
(2022), the PCI of commercial heavy fuel oil in France is 40 MJ/kg
and 42.6 MJ/kg for domestic fuel oil/gasoil.

Table 4: Estimated HCV and LCV for Burkinabe fuels

Residual Gasoline/
fuel oils Diesel
Fuels HFO DDO (default  (default
LCV) (IPCC LCV) (IPCC
2006b) 2006b)
HCV (kJ/kg) 43726.88 45737.05 -
HCV (MJ/kg) 43.73 45.74 -
HCV (kWh/kg) 12.15 12.70 -
LCV (kJ/kg) 40 307.76 42314.67 40400 43000
LCV (TJ/Ggou MJ/kg) 40.31 42.31 40.4 43.0

LCV (kWh/kg) 11.20 11.75 -

Lower and upper
limit of LCV (TJ/Gg)
for 95% confidence
interval

39.8-41.7 41.4-433

Carbon content by energy and CO,

emission factors for fuel combustion

Figure 7 presents the results of the carbon content per energy
and energy emission factors for the combustion of HFO and
DDO on a net calorific basis and the IPCC default. The carbon
content per energy and energy emission factors for combustion
on a net calorific value basis and the IPCC default values are
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also provided. Figure 7 shows the CO, EFs assessed for fuel
combustion and the IPCC default EFs for residual fuel oils and
diesel/diesel on a net calorific basis (IPCC 2006a).

[76903.31]  [77400]

80000 [73524.54]  [74100]
e
2 60000 -
N
O 40000 -
(8]
S 20000
w
w
0 , , , ‘
HFO Residual fuel DDO Gas/Diesel
oil (IPCC) oil (IPcc)

Figure 7: Energy-related CO, emission factors for HFO and DDO
combustion and IPCC default factors for residual fuel oils and diesel/
diesel in kg/TJ

The CO, EFs estimated for HFO and DDO combustion are
slightly lower than the IPCC default EFs for residual fuel oils and
gasoline/diesel respectively. The calculated EFs for HFO and
DDO are within the IPCC 95% confidence interval for HFO (75
500 - 78 800 kg/TJ) and DDO (72 600 - 74 800 kg/TJ) respectively.
According to the IPCC, when a county-specific EF falls within the
95% confidence interval, the emission factors can be considered
consistent with the IPCC default values (IPCC 2006b). The
calculated country-specific emission factors are therefore in
agreement with the IPCC data.

Contribution of the Burkinabe electricity

sector to CO, emissions

Total calculated CO, emissions attributable to fuel combustion
within Bukina Faso for the period 2018, using the developed
counrty-specific emission factors, amounted to 580 Gg, i.e. 501
Gg from the combustion of HFO and 79 Gg from the combustion
of DDO. This represents 86.5% for HFO and 13.5% for DDO. Using
the IPCC default emission factor, SONABEL has estimated its CO,
emissions for 2018 at 584 Gg (SONABEL 2018). The combustion
of HFO emits more CO,, for the same energy production, than
that of natural gas or lighter petroleum products (petrol, diesel,
domestic fuel oil) but less than that of coal or petroleum coke
(Soleille 2004). The Burkinabe power generation sector is a
sector that contributes significantly to CO, emissions through
the use of fossil fuels, particularly petroleum products.

CO, emission factor for

generation

The emission factor of SONABEL's thermal electricity production
is quite high, as 1 kWh of electricity produced by thermal
power plants results in the release of 0.663 kg of CO, (Table 5).
According to ADEME (2016), the emission factor of electricity
production for the oil-fired power plant is 0.704 kg CO,-e per
kWh. Afilal et al. (2019) state that the electricity generated from
HFO has an emission factor of 0.73 kg CO,-eq per kWh for fuel oil.
Itis noted that the value estimated in this study is lower than the
value provided by ADEME (2016) and Afilal et al. (2019) 5.8% and
9.2% for DDO and HFO respectively. The discrepancies are due
to the fact that the EF of SONABEL's thermal production is for

electricity

CO, only and does not include other GHGs. It also does not take
into account the emissions linked to the upstream fuels.

Table 5: CO, emission factor for thermal electricity generation and
SONABEL's electricity generation

SONABEL's source of
electricity generation

Generation mix (thermal

UL EL and renewable)

CO, emission factor (in

kgCO,/kWh LCV) 0.663 0.569

The CO, emission factor of SONABEL's electricity production is
quite high and highlights the largely carbon-based nature of the
electricity produced in Burkina Faso by SONABEL. According to
a feasibility study for the development of a regional electricity
grid EF for the West Africa Power Exchange System (WAPES) in
2014, the EF of the regional electricity grid is estimated at 0.588
kgCO,/kWh and is also referenced to Burkina Faso in terms of
SONABEL's interconnected grid (MEEVCC 2018). This EF is 3%
higher than the one estimated in our study. This discrepancy
is due to the fact that the value estimated in this work does
not take into account emissions due to electricity exchanges
at interconnections (electricity imports). In the West African
sub-region, the electricity generated EF for Cote d'lvoire, Niger
and Benin are 0,402; 0.630 and 0.684 kgCO_/kWh respectively
(Ritchie et al. 2022). In 2018, the global average carbon intensity
of electricity generated was 0.475 kgCO,/kWh (CITEPA 2019).

Assessment of the contribution of
renewable energies to the reduction of
CO, emissions in the electricity mix

Estimated CO, emissions avoided in 2018

In 2018, the share of renewable energy (RE) in SONABEL's
electricity production was 145.5 GWh (SONABEL 2018), 14%
of total production. The avoided CO, emissions (Ecozav) are
evaluated by considering that the electricity production from
RE sources (E,,) is instead generated by thermal power plants
and by assuming the reference CO, EF (FE,) of 0.663 kg /kWh,
estimated in this study.

Eco,,, = Eer* FEwn (14)

It is estimated that nearly 97 Mt of CO, were avoided, 16.7% of
the total CO, emissions attributable to SONABEL's electricity
production in 2018. RE in electricity production reduced the CO,
emission factor by 14.2. The analysis of the results shows that
the reduction of the concentration of anthropogenic GHGs in
the atmosphere, in particular CO, in the electricity generation
sector, can be achieved by increasing the share of RE in the
Burkinabe electricity mix.

Evolution of the CO, emission factor of electricity generation
according to the share of renewable energy

Natural resources that can be exploited for electricity production
in Burkina Faso include sun (Bambara 2015), water (ECREE 2012),
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biomass (Ministére des Mines et de ’Energie 2015) and wind
(Landry, et al. 2011). In a context marked by the scarcity of fossil
energy resources and the need to combat the harmful effects of
climate change, the development of alternative energy sources
is essential. In this context, one of the strategic objectives set by
the Burkina Faso Ministry of Energy is to make electrical energy
available and accessible to all through the development and
mass use of RE in the energy supply.

In 2018, with 14.25% RE sources in the generation mix, the
CO, emission factor of SONABEL's electricity generation was
estimated at 0.569 kgCO,/kWh LCV. The emission factor (FE,) of
CO, for SONABEL's electricity mix, as a function of the share of
RE, was obtained using equation (13) with Xtn = 1 — Xgr. Thus:

FEe; = FEy, . (1 = Xgr) (15)

Where:
Xer is the share of RE in SONABEL's electricity generation mix

A projection of the CO, EF of SONABEL's electricity mix according
to the share of RE is presented in Figure 8.

Evolution of the CO2 emission factor of electricity
production in kg/kWh according to the share of RE

0.6 9-569 0.530
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EF in kg CO2/kWh
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Figure 8: Evolution of the CO, emission factor of electricity production as
a function of the share of renewable energy

The presence of RE (14.25%) in the electricity generation mix
in 2018 enabled the CO, EF of the electricity generation mix to
fall from 0.663 kgCO,/kWh to 0.569 kgCO,/kWh, a reduction of
14.2% in 2018. As the share of renewables in the generation mix
increases, the EF gradually decreases. With a RE penetration rate
of 57%, the CO, content per kWh of the electricity generation mix
will be half that of 2018. Thus, an increase of 43% in the share
of renewable energies in the generation mix will result in a 50%
reduction in the EF of the electricity generation mix in 2018.
Burkina Faso can reduce the GHG content of its electricity if it
invests more in renewable. The model proposed in this study
(Figure 8) is an indicator that will enable decision-makers and
public authorities to take measures to decarbonise Burkina
Faso's electricity sector. Burkina Faso will be able to reduce
the GHG content of its electricity on the one hand, and meet
the demand for electricity on the other, by investing more in
RE. Solar energy is the most abundant RE source in Burkina
Faso with an average sunshine rate of 5.5 kWh/m2/day and a
sunshine duration of 3000 to 3500 hours/year (MEEVCC 2018). It
is the preferred RE source in the Burkinabe electricity mix for low
carbon electricity.

Conclusion

The CO, emission factors of electricity generation in Burkina
Faso and the contribution of RE to reduce CO, emissions from
the Burkinabe power sector have been evaluated in this paper.
It was found that the estimated CO, energy EF for HFO and DDO
combustion are slightly lower than the IPCC default emission
factors, but are within the 95% confidence interval given for the
default EFs for residual fuel oils and diesel/gasoline respectively.
The estimation of country-specific EFs took into account the
characteristics of each fuel, notably the carbon content and the
lower heating value. These emission factors are country-specific
and are best suited to the national context for quantifying CO,
emissions from power generation using the IPCC Tier 2 method,
particularly for national GHG emission inventories under the
UNFCCC. Burkina Faso's power generation sector is a major
contributor to CO, emissions in the energy sector. Increasing the
share of renewable energies in the electricity production mix
will, on the one hand, will solve the energy deficit and, on the
other hand, significantly reduce the sector's CO, emissions. As
direct measurement of GHG emissions is a complex exercise, a
tool for quantifying GHG emissions from the energy sector by
means of emission factors could be developed in the short to
medium term.
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Abstract

PM, . low-cost sensors are a promising trend for low-income countries, where the PM, . associated burden of disease is high and few
measurement instruments are available. Commercially available Sensor Systems (SSys) are relatively affordable and easy to use. They
are, however, not designed for or evaluated in contexts characterized by much biomass burning, regular power interruptions and/or
low internet coverage, typical for low-income countries. Alternatively, local teams can build a sensor system with PM,, sensors from
Original Equipment Manufacturers (OEM). Existing African OEM projects depend on international partners and funding. This puts the
affordability for local teams without funding into question. Furthermore, field comparisons of such sensors for ambient concentrations
and indoor settings are rarely conducted in low-income contexts. In Arba Minch, Ethiopia, we developed a sensor system (SPSA) with
the OEM Sensirion SPS30 and other components, together with an Arduino microprocessor, with LoRaWAN data transmission. We used
the hardware and software in multiple configurations. The SPSA was used in 14 contexts typical for Ethiopia. During these tests we
encountered problems that were easily solved by maintenance on location. On seven locations we collocated the SPSA with itself,
gravimetric instruments and/or SSys. Amongst SPSA we found coefficients of determination (R?) of at least 0.98 for three ambient
and one indoor location. The accuracy in comparison with the gravimetric method was 16% under ambient and 13% under indoor
circumstances. This is lower than the internationally required 25%. The R? in comparison to two SSys was 0.91-0.98 under ambient and
0.88-1.00 under indoor circumstances. The SPSA is a versatile sensor system that can be used in both ambient and indoor air pollution
circumstances. Local development without international partners and funding resulted in local experience gaining, low costs, local
ownership, and the possibility of tailoring the system to local needs regarding power and connectivity.

Amharic abstract

Mt PARANP ®ALPPT NF NANTOST PM,, IC N+PPH NAF h9Ph: NP AR PRIT ATAC AN+TTF (SSys) NATRERTT AFR
+a@MMA% AT APPMPIR $AA TFM:: LU mz ATHU ATACT N NETN (+24. F°CT) NTLPMANTE ARENG PYLA dP&LLMm AS/
MLID HP+E PAITCET 47T HPHE 1N PAT®T AICTT Uid o192t @Am N9NTINT P+184 MEIR P+7aR7ae 1L L AgD:
TMPMPF NATLe1T PAIC AT ACETA PENCh MATT (OEM) NAPMEI® f PM,, AINCTT APNGF EFAK: AT AR PAT
PRGN PACETA 0P ATPLT TEEATT NAATR AP AJICT AT P1THA £I& AL PHARAZ+ §Fa: LU PA PITHA LI6 PORAGF7
PUIC @AM +ARLTLPTFY APIP P @AM BNFAx NHTILIP ATHUT ATACT NAPM$I® PNF AMS PALeR APC NAAT M7
ay2&C NF81 A1CT AL AFPNHI® ARNYS.9R: NHU JRCIPC NACN 9PY6e OEM Sensirion SPS307 AT AfeTI9° ASPT NACAS
MLACTCANCT LoRaWAN 83 MA+AALP IC NAPM$I® +ACHA: NHUTR ALt P+APR YCLERETIT AT N&FRCTT NNChA-
O-3CTF NP +MEMTA=z ARLTERL ATRMT +209 N14 P+ALR NFPF AL mPIR AL AMATPA: NIHU NPT @& F NN F0-
AL N+L2T M1 NPAX PTL+ FICT AIMMM-FA: NANT NFPTF AL SPSAT N&ME NILATRTLA CRALPPT AT/MEIR SSys IC
APTE+T ANPIRMTA: NHUI® APALF SPSAT NARM$IR NANTF PaLeh, AT NATE PNF @AM ATACT AL PAPI9TF aBm7 (R?) 0.98
AT A: PRNNAT T APMETR NLNTRTSN HE, IC AIRAC NNNMN, APC (NNF @ueh) 16% AT NNLTF B-AD UidPF @AM 13% 10
1 £UTR NAATR Ae& 228 N PNLAID 25% £1M 1@ R2 NUFAT SSys IC AJRAC 0.91-0.98 NNt Mee AT 0.88-1.00 NNt @AM
U3PTF @-Nm INCH SPSA AT ATAC NCYF AT NUARIR PANNN, (NN Qugh) AT PNE B-AM PACC NAAT Ui PT @A Mg
AL A@A 2FAA: NHUTIR ARALT PAIC N ATHF PA FATR Ad& AJCT AT PITHN £J& PUIC @-N ATRLT NINT T T HE+E Mep
N@AOMT F ANAN, NANTIF NTINTTF AT ACA+ET NILA AT +PPH 1T IC ARNNNPR £ATTT PTONET ALA ANTFHA::

Keywords

ambient air pollution, indoor air pollution, PM. _, low-cost sensor, Sensirion SPS30, measurement network, Arduino
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Introduction

Air pollution is amongst the top risk factors for the global disease
burden (Babatola, 2018; Shaddick et al., 2018), placed second for
data of 2019 (IHME, 2021). This burden is relatively higher in low-
income countries, due to sources like open waste burning and
cooking with biomass fuel (World Health Organization, 2021,
2022). Paradoxically, resources for measurements are lowest in
those countries. A primary indicator for air pollution in indoor
and ambient situations is particulate matter with a diameter
smaller than 2.5 pm (PM,,) (World Health Organization, 2021).
The reference method for monitoring PM,, is filter-based
gravimetry. This method typically assesses concentrations on a
24-hour average level (EPA, 2006; European Commission, 2010),
and is associated with high operating costs (Sousan, Regmi
and Park, 2021). Various continuous monitors (monitoring
concentrations at hour- or even second level) are recognized
as equivalent to the reference method, such as the Beta
Attenuation Monitor (BAM), the Tapered Element Oscillating
Microbalance (TEOM), and Palas Fidas. These are expensive as
well, with costs of $11 500 - $30 000 per monitor (Mooney, Willis
and Stevenson, 2006), and technically still need calibration to
the gravimetric reference method. In high-income countries the
application of such monitors is widespread, and measured data
is usually openly available. For African countries, however, only
few have some coverage (Subramanian and Garland, 2021).

A promising trend is the development of low-cost sensors (LCS).
Karagulian et al. (2019) distinguish two types of LCSs: only a
sensor as developed by original equipment manufacturers
(OEM) and sensor systems (SSys), which combine an OEM with
encasing, sampling system, power system, hardware, software,
and data acquisition methods. SSys cost between $200 and
$500, whereas self-built systems with OEMs for measuring
PM,  can be created for $50. Using SSys does not require skills
in programming and electronics, but their internet and power
requirements are challenging (Sewor, Obeng and Amegah,
2021). Moreover, SSys are still expensive for African researchers
(Subramanian and Garland, 2021), and data ownership of
data collected through the network functionality lies with the
producer. These issues plea for a focus on OEM. Creating an own
system based on an OEM is cheaper, and the users can decide
to combine the OEM with alternative energy sources (power
bank, solar panel) and network connectivity (LoRaWAN, GSM),
according to their context. This makes OEMs more compatible
to local climates (Subramanian and Garland, 2021). Working
with OEMs requires programming and electronics proficiency.
When a local team develops a setup with an OEM, there is
local experience gaining, local ownership of instruments and
data, and local decision making. Apart from making a system
with an OEM locally, it is important to evaluate it under the
conditions where it will be used. Parameters such as particle
density, particle hygroscopicity, refraction index, and particle
composition strongly affect the operational principle of PM,,
LCS (light scattering). All these factors vary from site to site and
with seasonality (Karagulian etal.,2019). Open biomass burning,
cooking with biomass fuel and older vehicles are air pollution
sources typical for a low-income country. The data quality of an
OEM should be evaluated under such circumstances.

Three examples of OEM projects in the African continent are
https://sensors.africa/air (OEM SDS011), Ngom et al. (2018)
(OEM HK-A5) and Airgo.net (Bainomugisha, Ssematimba and
Okure, 2023; OEM Plantower PMS 5003). Sensors.Africa and
AirQo have international partners and funding. This raises
the question whether local development without funding is
possible. Furthermore, we only found field tests of data quality
in a low-income country context for AirQo. Adong et al. (2022)
compared the AirQo to a BAM at two ambient locations in
Kampala, Uganda. We did not find any field comparisons under
indoor air pollution circumstances for these OEM projects.

Dingemanse (2022) presented the evaluation of three LCS under
field conditions in Arba Minch, Ethiopia. One of these LCS was
a locally developed system with the OEM Sensirion SPS30 and
an Arduino microprocessor. In this article, we present this
system and show the field evaluation in more detail. We refer
to this system as SPSA, named after the sensor (SPS) and the
microprocessor, being Arduino (A). The SPSA has a power back-
up and can transmit its data with LoRaWAN technology. This
makes the setup compatible with a context that often lacks
stable power supply and WiFi. We conducted extensive field
comparisons in Ethiopia, at three ambient and four indoor high
concentration locations. We collocated the SPSA with itself, with
a gravimetric measurementinstrument, and with two SSys: IQAir
Airvisual Pro (the SSys of Airvisual, which is the largest real-time
air quality databank (Wernecke et al., 2021)) and PATS (designed
for indoor air pollution measurements). We developed the
system and conducted the field comparisons without funding.

The next part of the article includes a description of the
system we used and evaluated, followed by an evaluation of
its operational reliability and an evaluation of the data quality.
This article ends with a discussion and conclusion on the
implications of the operational reliability, data quality and field
evaluations in general. While we included all parts of a working
sensor system with network aspect, our aim is not to present a
finished product. Rather, it is a showcase of the potential of Do-
It-Yourself development with OEM within Ethiopia. Our unique
contributions are the presentation of a sensor system developed
locally without international partners or funding, and field tests
of this system across both ambient and indoor circumstances
in Ethiopia. These are the first field tests of the OEM SPS30 in a
low-income country. We hope it inspires the reader to conduct
similar projects, including field comparisons, in low-income
country contexts. All software and data analysis code and raw
data, used in this study, is shared on an OSF repository: https://
doi.org/10.17605/0SF.I0/DXEZS.

Set-up description
Hardware

Components and connections

CorecomponentsofthesystemareaPM, , sensor,SDcard module
and Real Time Clock (RTC), connected to a microprocessor.
Optional components include a Relative Humidity sensor,
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LoRaWAN communication shield and LED control light. Table 1
gives an overview of the components.

Table 1: SPSA components.

No. Component Description

1 Arduino Mega 2560 Microprocessor

2 SPS30 Sensirion PM, . sensor

3 DS3231 Real Time Clock

4 Micro SD card reader Module for SD card, for offline data storage

5 BME280 Relative humidity and temperature sensor

Module for transmission of data over Long

6 Dragino LoRa shield Range (LoRa) network, 868 MHz

7 LED Green LED for instrument status

The Dragino LoRa Shield is a premade component that fits
directly on the pin configuration of the microprocessor. Other
components of the system are connected to the main circuit
board via shielded connecting wires. The wires are kept short,
less than 10 centimeters, to avoid electromagnetic interference
and crosstalk. Power supply connections are shared to avoid
wiring complexity. Also, the SDA and SCL connection points are
shared between the SPS30 and DS3231. Figure 1 shows a sketch
of the circuit.
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Figure 1: Sketch of the SPSA circuit. LoRaWAN is not included in the
sketch; the Dragino LoRa shield is premade to fit directly on the normal
Arduino Uno or Mega pin layout.

Configurations

The SPSA hardware was combined with a power bank in plastic
boxes (lunch boxes or plastic cups). The boxes were chosen
based on availability on the local market and the intended use.
Three configurations have been used:

e  Cl:Alargerboxforstationary sampling, including LoRa and

BME280

e  C2:Asmaller boxforstationary sampling, without LoRa and
BME280

e  (C3: A cup-box for personal sampling, without LoRa and
BME280.

Figure 2 shows photos of the three configurations.

~ " = 2] ___.,...--—-"-"'""'_""
s : o A D e
Figure 2: Configurations of the SPSA. (A) Stationary sampling box

with LoRa and BME280. (B) Stationary sampling box without LoRa and
BME280. (C) Personal sampling box without LoRa and BME280.

The air sampling and ventilation openings of the SPS30 are at
the frontside of the sensor. In the plastic boxes a hole the size
of the SPS30 was cut, and the SPS30 was placed through the
hole for approximately 5 millimeters. In this way, the sensor was
exposed to the ambient air while keeping most of the sensor
safe inside the box. Also, because the hole was exactly sized to
the SPS30, movement of the sensor within the SPSA was not
possible. All other components were kept at their place with
glue. For configuration C1, the BME280 air and humidity sensor
was placed outside the box. A hole was cut inside the box for
exactly the size of the BME280 wires. Configuration C3’s casing
was a cup, so that it could be fixed to a belt.

Power consumption

Based on their respective data sheets, the power consumption
of the SPSA components is as follows:

1. Arduino Mega 2560: 5V x 50 mA =250 mW.
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2. SPS30:5Vx 80 mA=400 mW.

DS3231: 5V with a maximum of 0.65 mA = 3.26 mW. A
rechargeable battery is included as back-up.

4. Micro SD card with adapter: maximum standby current of
ImAXx5V=5mW.

5. BME280: 0.0036 mAat3.6VV=0.013 mW.

6. LoRaWAN: 5V x 32 mA = 160mW during transmission, and
5V x1mA=5mW during sleep mode. This transmission is
used once every five minutes. We assume a transmission
time of maximum 20 seconds. This results in per hour
20 * 12 =240 seconds of transmission mode, and remaining
time sleep mode.

7. LED: 40 mA x 5V =200 mW when in use. A blink time of
0.2 seconds is used per minute, leading to a usage time of
0.2 * 60 = 12 seconds per hour.

Table 2 gives an overview of the SPSA hourly power consumption.

Table 2: Power consumption calculation for the SPSA.

Average hourly

No. Component Consumption Qperatlon consumption
(mWw) time %
mW
1 Arduino g, 100 250
Mega 2560
2 SPS3.0. 400 100 400
Sensirion
3 DS3231 3.25 100 3.25
4 Micro SD 5 100 5
card reader
5 BME280 0.013 100 0.013
6 Dragino Transfer mode: 160 7 10.7
LoRa shield Sleep mode: 5 93 47
ON mode 200 0.3 0.7
7 |LED OFF mode 0
Total 674

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 power
bank can provide back-up power during power interruptions for
6Ah/(0.674 W /5V)=44hours. In combination with a 1.5 W solar
panel, the power bank can be charged during daytime and used
during nighttime. The battery capacity for 12 hours, including a
maximum depth of discharge of 20%, should then be (0.674 W *
12h)*1.2/5V=1.94 Ah.

Introduction of a sleep mode for the SPS30 can decrease power
consumption. Under certain conditions, it is possible to achieve
the same monitoring quality through point measurements taken
every 15 minutes. This would reduce the power consumption of
the SPS30 sensor with at least 90%. As a result, the total system
consumption would drop to 314 mW from its current level of
674 mW.

Software

Figure 3 shows a flowchart of the SPSA operation process.

" Sdcardis | Initialize SD
not initialized card

no Is Sd card
intialized?
yes

Initialize

DS3231

RTC is no
not found

Is DS3237
there?
yes
Initialization ok!

Clean SPS30

Get data from SPS30,
DS3231 and BME280

Write data
_to SD card _
LoRaWAN data
transmission
yes

no Written to

””””” SD?
yes

Blink LED 200ms |

Figure 3: Flowchart of software on the SPSA.

5min
passed? no

SPSA software

Three versions of software have been used:

e  ForCl, 1-minute average

e  ForC2, 1-minute average (C2_1)

e For C2 and C3, 10-second point measurement (C2_2 and
C3).

All three software scripts are included in the supplementary

materials and available at the OSF repository (https://doi.

org/10.17605/0SF.10/DXEZ8).

LoRa network software

With LoRa functionality, data is sent to a gateway. The gateway
is registered at The Things Network (TTN; https://www.
thethingsnetwork.org/). If the receiving gateway is connected to
the internet, the data is stored on the TTN server for seven days.
Within those seven days, data can be retrieved from the server.
For proof of concept, we created Python code for the following
tasks:

e  Retrieving data from TTN

e  Creating a graph of the data

e Uploading a graph to a website.

Example code is uploaded to the OSF repository (https://
doi.org/10.17605/0SF.I0/DXEZ8). If this code runs on an
online server, data sent over LoRa can be turned into online
visualizations. This creates a real-time measurement network.
This data transmission method can also be used to check the
SPSA, such as the general operation, the real-time clock, and the
measured values.
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Operational reliability evaluation
This section discusses to what extent the SPSA, our setup, is
operationally reliable in the context of Arba Minch and Addis
Ababa. The evaluation methodology section describes how the
SPSA is used under different circumstances. The operational
reliability section describes the findings on operational
reliability based on this use.

Evaluation methodology

The SPSA is used under various circumstances: indoor and
outdoor, stationary, and mobile and in high concentration and
low concentration environments. For stationary measurements,
the instruments were placed between 1.5-2.5 meters above
the ground. Mobile measurements have been taken by placing
the instrument in the frontside of a public transport tricycle, or
by letting students walk around with the instrument on a belt
(personal sampling). Most measurements have taken place in
Arba Minch, but two set-ups have been installed in Addis Ababa.
Afull overview of measurement circumstances is given in Table 3.

Measurements at locations A1-A3 and K1-K4 were conducted
for an evaluation of the SPSA data quality. These locations are
selected for their distinct ambient and indoor concentration
levels. Regarding these locations, more information is given
under the measurement locations section of the data quality
evaluation. Other measurements were part of student
measurement projects. Locations and durations were chosen by
the students.

In situations 4, 8, 9 and 14, the instruments were used with a
power bank that was charged before each use. In all other

situations a continuous power supply was maintained by
connecting the instruments to the grid via the power bank.

In situations 1, 2, 10 and 11 the SPSA was deployed with LoRa
functionality. Two gateways were installed in Arba Minch. A full
network structure including database was not yet built. Instead,
the focus was on ‘proof of concept’: for a certain time having the
gateways up and testing the reception at different distances.

Operational reliability

This section describes the experiences related to the operational
reliability of the SPSA which were gained while conducting the
measurements as described in the evaluation methodology
section.

Instrument

Single SPSAs functioned well in all measurement locations,

except for the following three issues:

e Inthefirst period of field measurements (No. 1, 2), one type
of SD cards (brand FFFAS, 16 GB) malfunctioned. After it
happened in multiple SPSAs, other brands of SD cards were
used.

e Insome cases (No. 1, 2,3 7, 8, 14), the battery of the Real
Time Clock died, resulting in a reset of the time. In most
cases, data could be restored by comparing the (wrong)
time on the instrument with the actual time, and changing
the time based on that difference. Validation of this was
done based on comparison with collocated sensors and
occurrence of daily concentration peaks.

e In two cases (No. 1 and 2), an SPS30 sensor was giving
extremely high values without an air pollution source
nearby. The sensors in question were replaced.

Table 3: Details on measurement locations of the SPSA, including per location the SPSA type, number of SPSAs (#) and the amount of data collected at

that location (data quantity)

No. Measurements Measurement location SPSA Data quantity
Type Method ID  Description Type #

1 Ambient Stationary Al Arba Minch, quiet neighborhood C1 3 9889 hours

2 Ambient Stationary A2 Arba Minch, center C1 2 3874 hours

3 Ambient Stationary A3 Addis Ababa, Tikur Anbessa area Cc2.2 2 12642 hours

4 Ambient Stationary A4  Quiet road, entrance to university c2.1 1 321hours

5 Ambient Stationary A5 Arba Minch, busy traffic square c2.1 1 643 hours

6  Ambient Stationary A6 Arba Minch, busy traffic square C2_1 1 687 hours

7  Ambient Stationary A7  Arba Minch bus-station c2.1 1 258 hours

8  Ambient Mobile A8 Arba Minch public transport tricycle C2.2 1 265hours

9  Ambient Mobile A9  Arba Minch public transport tricycle C2.2 1 259 hours

10 Indoor Stationary K1 Nextto wood cooking kitchen, in same room charcoal burning C1 1 993 hours

11 Indoor Stationary K2 Inkitchen, above wood cooking location C1 1 96hours

12 Indoor Stationary K3  Wide kitchen, various wood cooking places C2.2 2 45T hours

13 Indoor Stationary K4  Wide kitchen, various wood cooking places Cc2.2 2 377hours

14 Ambient & indoor Mobile P1 Student personal sampling c3 3 647 hours
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Despite the above-mentioned problems, many hours of data
have been collected. This shows that the SPSA is operationally
reliable. The setup was able to collect data under ambient
(1-7), on-road mobile (8,9), indoor (10-13) and personal (14)
circumstances. It could be used by staff (No. 1-3, 10-13) and
students (No. 4-9, 14). Regular check-up is advisable, considering
the above-mentioned problems. However, we found that also
without check-up some systems could operate without errors
for a long period. In Addis Ababa (No. 3) the instruments were
installed in July 2022. For logistical reasons there was no check-
up from the end of July 2022 until May 2023.

Network

The network potential of a group of SPSAs works well with
LoRa. The transmission over LoRa is largely dependent on the
proper placement of the gateway. Messages have been received
over an 8 km distance. This reception is greatly influenced by
obstruction of line-of-sight. One gateway received significantly
less messages from the direction where a large building was
obstructing line of sight to the SPSA. For about two weeks a
full ‘network’ was running: SPSAs with LoRa functionality were
deployed, gateways were up and running, and the Python
scripts, as listed in the LoRa network software section, ran on
an hourly interval at a Virtual Private Server. During those
weeks, an hourly updated real-time graph showed live PM,
concentrations on various locations in Arba Minch.

Data quality evaluation

This section discusses the field testing we conducted with the
SPSA for the purpose of data quality evaluation. The evaluation
methodology section discusses the methodology we use for
evaluating data quality. The concentration patterns section
displays what concentrations were measured (to validate that
measurements were taken under various conditions). The
remaining sections show the data quality metrics for the three
comparison types we used: within, gravimetric and SSys.

Evaluation methodology

Measurement locations

Table 3 listed 14 locations where the SPSA has been used. For
data quality evaluation, three ambient locations (A1-A3) and four
indoor locations (K1-K4) were selected. Only at these locations,
the SPSA was collocated with itself and/or other instruments.
For the three ambient locations, sources of PM_, are traffic and
neighborhood biomass burning. The three ambient locations
represented three distinct concentration levels. Two locations
were in Arba Minch, and one location in Addis Ababa, sub-city
Lideta. According to latest projections, population of Arba Minch
town, Addis Ababa, and its sub-city Lideta are 210 255, 3 945 000
and 290466, respectively (Ethiopian Statistics Service, 2023). The
population in Addis Ababa is higher than in Arba Minch, and the
number of vehicles per person is also higher. As per 2020, Addis
Ababa had registered 630 440 vehicles, while the region SNNP (of
which Arba Minch is a part), with a population estimation of 13
044 044, had registered 118 424 vehicles (Abiye, 2020). Location

Al was in front of a house in a quiet neighborhood in Arba Minch
(latitude 6.01589 N, longitude 37.55480 E). At the compound of
this house, cooking only is done with electric stoves. The nearest
road to this location is approximately 120 meters, and this road
is only used by local traffic. Location A2 was at the entrance of
a hotel compound in the center of Arba Minch (latitude 6.03311
N, longitude 37.55783 E). The instrument was approximately 15
meters from the nearest road. This road is the main road through
Arba Minch. It is used by traffic driving through Arba Minch, and
by stopping and starting traffic visiting businesses. Location
A3 was in Addis Ababa, sub-city Lideta, at the city monitoring
station of the Ethiopian Meteorology Institute (latitude 9.01888
N, longitude 38.74728 E). This location is approximately 10
meters from the nearest road.

The four indoor locations were selected for their use of biomass
fuel, to represent (extremely) high and variable concentrations.
All four locations were in Arba Minch. Location K1 was in a
small local restaurant, in a room connected to the kitchen.
In that room, charcoal fire was used for coffee preparation. In
the kitchen, food was prepared with biomass fuel. Location K2
was in the kitchen of a student restaurant. In this kitchen, food
was prepared with biomass fuel. Locations K3 and K4 were in a
large kitchen with more than six biomass fuel cooking locations.
These two locations were on opposite sides of the kitchen, and
cooking fires closest to the respective locations were used at
different times. For this reason, these locations are considered
separate.

Measurement comparison types

We evaluate data quality by comparing measurement results
of an SPSA with instruments that are collocated. Three types of
measurements have been conducted for data quality evaluation.
The first type compares measurement results of SPSAs amongst
each other (within comparison). We placed multiple SPSAs in
the same location.

The second type compares SPSA with a gravimetry instrument
(gravimetric comparison). Reference measurement methods
for PM,, are based on gravimetry. As gravimetric instrument,
we used the Ultrasonic Personal Aerosol Sampler (UPAS), as
this instrument was the only available gravimetric instrument
in Arba Minch, Ethiopia. The UPAS is designed for measuring
medium to high concentrations. Over ranges of 20-1000 pg/
m?, Volckens et al. (2017) found strong correlations with the
EPA federal reference method. Afshar-Mohajer et al. (2021,
p. 131) found that ‘the UPAS may be a suitable alternative for
[Respiratory Dust] mass sampling’ for ranges of 100-500 pg/m?
in occupational settings. We conducted gravimetric analysis of
the filters with a Mettler AE240 Dual Range balance. This balance
has a readability of 10 pg and a reproducibility of +20 pg (IET, no
date).

For Addis Ababa (3), there were no gravimetric measurements
taken by us. At another location (Jacros area, Addis Ababa,
distance to location A3 8 km, latitude 9.01163 N, longitude
38.82151 E), the US Embassy operates a BAM. A BAM is
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Table 4: Overview of measurements used for the data evaluation of the SPSA. Individual SPSAs are labeled Spx, where x refers to the setup ID number.
IQAV and PATS are coded Igx and Pax, respectively.

Location SPSA Gravimetry SSys Period*

Al Spl, Sp2 1q2 April 2021 - April 2022

A2 Sp3, Sp5 UPAS (3 samples) Iql June 2021 - October 2021
A3 Spll, Spl2 Indicative: BAM, gravimetry 197, 1910 July 2022 - April 2023

K1 Sp2,1g5 g5 June 2021 - August 2021
K2 Sp4,1q3 UPAS (3 samples) 193 1-5 October 2021

K3 Sp6, Sp7 UPAS (2 instruments, both 4 samples) Pal, Pa3, Pa4 7-18 June 2022

K4 Sp8, Sp9 UPAS (4 samples) Pa2, Pa5, Pa6 7-18 June 2022

1 Not all instruments were available during the whole period. Therefore, the relationship between the number of data pairs in evaluations and the period
duration is not linear.

Table 5: Data quality metrics.

Metric Source Requirement Scope' Calculation method
Slope (S) and coefficient of R%>0.75 Calculation resulting from Ordinary Least Squares (OLS)
o , Often used o 5 Al ) . h
determination (R?) (R*>0.9 ‘very good’) regression without intercept.
cV = lzﬂ
~ n®y; , where oi is the standard deviation and i is
Coefficient of Variation (CV) EPA,NIOSH <10% Within the mean of measurements of identical LCS during time
period i, and n is the number of
time periods.

Ups = Y(Vi1—Yi2)?
Within, SN - ,wherey, andy,,are

Between-sampler uncertainty (u,,) DEM <2.5 ug/m? ambient, daily the results of parallel measurements for time period i,
’ and n is the number of
time periods.
Pearson correlation coefficient (r) EPA >0.97 Gravimetric

1 x;
B= 22(37: - 1), where x is the concentration of the LCS
andy, the concentration of the reference instrument
Bias (B) NIOSH Correction if>10%  Gravimetric  for time period i, and n is the number of time periods.
Corrected data xnew based on the old data x , was

— Xold

calculated with xpe, =

B+1

The upper value of the confidence interval at 90% of
all JT:, where x is the concentration of the LCS and

y, the concentration of the reference instrument for
time period i. We used the names Ac , and Ac ,_to
distinguish between accuracy before and after bias
correction, respectively.

Accuracy (Ac) NIOSH <25% Gravimetric

1 Not all metrics apply in all situations. Where applicable, the table lists the scope of application with respect to type of comparison (within, gravimetric,
SSys), time-averaging period (10-minute, hourly, daily, filter-duration or monthly) and/or context (ambient, indoor).

Table 6: Data quality evaluation summary.

Evaluation Time periods* Metric Locations
1,2,3 S&R? Al-A3,K3,K4
Within (SPSA versus SPSA) 1,2,3 cv Al1-A3, K3, K4
3 Uy, A1-A3
Gravimetric (SPSA 4 r A2, K2- K4
versus gravimetric method) 4 S A2, K2-Ka
& 4 R? A2, K2-K4
Indicative comparison 4 B&AC A2, K2-K4
P 3,5 S&R A3
SSys (SPSA versus IQAV or PATS) 2,3 IS & R? Al-A3, K1-K4

1 We conducted data quality evaluations at time periods 10-minute (1), hour (2), day (3), filter-duration (4) and month (5).
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recognized as equivalent to the gravimetric reference method.
Data of this BAM is available online (AirNow Department of
State, 2023). We used measurements of this BAM for indicative
comparison: indicative because the BAM and SPSA are not at
the same location. Location A3 is within the city ring roads,
while the location with the BAM is closer to the outskirts of
Addis Ababa. A second source of indicative comparison is
a gravimetry measurement project at the same location as
our measurements (A3). During November 2015 - November
2016, Tefera et al. (2020) collected 69 PM,, samples. Their
measurement method is the official PM, reference method
(gravimetry), and their measurements are at the same location,
but their measurements are not during the same time period.
We used these measurement results as indicative comparison
with respect to the long-term concentration level.

The third type compares measurements of the SPSA with
two SSys (SSys comparison): Airvisual Pro (IQAV) and UCB-
PATS+ (PATS). Like the SPS30 in our system, both IQAV and
PATS estimate the PM,, concentration based on scattering of
infrared light (Pillarisetti et al., 2017; Zamora, Rice and Koehler,
2020; Sousan, Regmi and Park, 2021). The PATS is designed for
personal sampling and (high) indoor concentrations, but not
for low ambient concentrations (lower detection limit is 10 pg/
m3). Hence, we only used the PATS at indoor locations. We used
the IQAV both in ambient and indoor situations. The IQAV is not
meant for very high concentrations (>5000 pg/m?), because the
highest reported value of the IQAV is set to 4488 pg/m®.

Table 4 shows an overview of all measurements used for data
quality evaluation.

Data corrections

In their guidelines for Demonstrating Equivalence of Ambient
Air Monitoring Methods (DEM) the European Commission (2010)
allows for removal of up to 2.5% percent of outliers based on
Grubb’s outlier test at 99% level. We removed outliers with this
method for Sp3 and Sp5 at location A2, and for Sp11, Sp12, Iq7
and 110 at location A3.

The Sp11and Sp12 comparison is only done from October 2022,
because up to that time there was a real time clock (RTC) issue
for Spll. In contrast, the Sp12 / IQAV comparison could only
be done with measurements until October 2022, because after
October 2022 both 1q7 and 1g10 malfunctioned.

At locations K3 and K4, there was data loss during the gravimetric
measurements. We did not use LCS results with more than 15%
data loss during measurements with the gravimetric method in
the gravimetric comparison.

Data analysis

Metrics for expressing equivalence of instruments that
are reported most often, are Slope (S) and a coefficient of
determination (R? originating from Ordinary Least Squares (OLS)
regression. Official guidelines for testing the equivalence of PM,
measurement methods have been made by the Environmental
Protection Agency of the United States of America (EPA) (EPA,
2006), the National Institute for Occupational Safety and health
(NIOSH) (NIOSH, 2012), and by the European Commission in
the Guide to the Demonstration of Equivalence of Ambient
Air Monitoring Methods (DEM) (European Commission,
2010). Evaluation metrics are taken from these sources and
summarized in Table 5.

The DEM also prescribes expanded uncertainty (WCM) for
ambient reference comparison. That metric applies to
reference comparison at 24-hour level. With the gravimetric
method available in our study (the UPAS) it was not possible
to conduct 24-hour comparison measurements under ambient
circumstances. Although Dingemanse (2022) reported this
metric, we did not include it in our study.

For data-analysis, we used five time-averaging periods:
10-minute, hour, day, filter-duration, and month. Hour-averages
are most used in monitoring networks, while daily averages
represent the short-term WHO PM,, guideline value. Filter-
duration is used in the gravimetric comparison, where the
duration varied according to the time needed to get sufficient
filter load. We only used monthly averages for the indicative
comparison. For the SPSA inter-comparison, we also present
10-minute averages. Table 6 shows a summary of the data
quality evaluation.

Concentration patterns

Figure 4 shows the average and 95-percentile concentrations
per 10-minute period on a day, for locations Al, A2 and A3.
This is not meant to compare locations, since they are not from
the same time. It is merely to show the order of magnitude of
measured concentrations.
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Figure 4: Average and 95-percentile per 10-minute period of the day for three ambient measurement locations.
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Table 7: Number of data pairs (N) and data quality metrics for two collocated SPSAs. The results are ordered according to location and time averaging

period.

Averaging Parameter Location Al

period Sp1/Sp2 Spl/Sp4

Daily N 5 66
Slope (R?) 0.94 (1.00) 1.04 (1.00)
CV! [%] 5.1
Uy, [ug/m’] 0.63 0.34

Hourly N 101 1539
Slope (R?) 0.94 (0.99) 1.03 (1.00)
CV! [%] 4.8

10-min N 599 9211
Slope (R?) 0.93(0.98) 1.02(0.99)
CV! [%] 5.4

Location A2 Location A3 Location K3 Location K4
Sp3/Sp5 Spl1/Spi12 Sp6/Sp7 Sp8/Sp9
84 205 11 11
1.05(1.00) 1.10 (1.00) 1.08 (1.00) 1.13(1.00)
3.3 7.0 5.3 6.6

0.73 1.65

1600 4909 218 140
1.05(1.00) 1.09 (0.99) 1.07 (1.00) 1.14(0.78)
3.6 8.7 6.2 6.6

9436 29365 1294 788
1.05(1.00) 1.09 (0.99) 1.07 (1.00) 1.10(0.87)
4.0 9.1 6.3 5.7

1 CVis calculated for any number of collocated instruments, instead of a single pair.

Average concentrations at locations A1, A2 and A3 are 12.6, 20.6
and 27.8 pg/m?, respectively. 10-minute average concentrations
ranged up to 120 pg/m?, in Addis Ababa (A3) this happened both
in the morning and in the evening.

Figure 5 shows box plots of 10-minute, hourly and daily averaged
concentrations in the four indoor locations K1-K4.

Averages in the four indoor locations ranged from 300 to
2 000 pg/m?3, with the highest 10-minute concentrations well
over 10 000 pg/mq.

Collocated SPSA (within comparison)
Figure 6 shows data pairs for all collocated SPSA measurements,
on different time averaging periods. Table 7 shows the data
quality metrics.

Both Figure 6 and Table 7 show that multiple SPSA under the
same circumstances show an extremely similar signal across
all concentration ranges. At location K4, for the hourly and
10-minute averages the R?is 0.78-0.87. In all other cases the R%is
at least 0.98. The CV is lower than the required 10%, and the ubs
is lower than the required 2.5 pg/m?.

Gravimetric comparison

SPSA vs UPAS
Figure 7 shows the UPAS gravimetry and SPSA measurement
results. Table 8 shows the data quality metrics.

Accuracy is sufficient in all cases (<25%). For ambient
circumstances, the Pearson correlation is too low (<0.9). This
most probably has to do with the fact that there have only been

Table 8: Number of data pairs (N) and data quality metrics for SPSA
compared to UPAS gravimetric measurements.

limited gravimetric measurements in ambient conditions (n=6).
Both slope and bias show that under ambient conditions a
calibration of a factor 2 is required. For indoor / high exposure
conditions this is not required (|B| < 10%). This observation
implies that the SPS30 sensor responds differently to aerosols
primarily originating from biomass burning compared to those
originating from a variety of ambient sources.

Addis Ababa indicative comparison

Figure 8 shows daily and monthly averaged concentrations for
Sp12 in comparison with a BAM at another location in Addis
Ababa. Despite these not being on the same location, the
correlation is good (R*>0.9). This indicates that the SPSA follows
the city-wide concentration trend.

On the same location, between November 2015 and November
2016 the average concentration for measurements with the
gravimetric reference methods was 53.8 pg/m?® (Tefera et al.,
2020). The average for 10 months of measurements with the
Spl2 was 28.7 pg/me. This indicates a factor two difference
with the gravimetric method. This is similar to the calibration
factor found between SPSA and gravimetry under ambient
circumstances in Arba Minch (see the SPSA vs UPAS section).

Comparison with SSys

Table 9 shows the slope and R? for SPSA versus the two SSys,
IQAV and PATS. It is shown for all hourly and daily averaged
data pairs. For some locations there are multiple SPSA. At those
locations, the SPSA which has the most data pairs with the
collocated SSys is selected.

Correlations are high to both IQAV in ambient (R? 0.91-0.98)
and PATS in indoor (R? 0.88-1.00) circumstances. For the IQAV
we see similar slopes under similar circumstances. For the PATS
there is a rather large variability in witnessed slopes. The IQAV
under indoor circumstances gives estimations that are too low

Location SPSA N r S, R? A, Bias A because all concentrations higher than 4488 pg/m?are reported
A2 Sp35 6 070 193,099 53 047 16 as 4,488 pg/m?. Table 10 shows correlation results between
SPSA and IQAV for only <4489 pg/m? data. For that data, slopes

K2-4 SPES 1, 099 1095098 115 008 |13 are substantially closer to 1, and R%s are on average higher.
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Table 9: Data pairs comparison between the SPSA and SSys.

Location X Y Hourly Daily
N S (R?) N S (R?)
Al Spl Ig2 7164 1.08(0.93) 316  1.12(0.96)
A2 Sp5 Igl 1015 1.19(0.91) 85 1.15(0.97)
A3 Spl2 Iq7 1516 0.74(0.96) 67 0.79 (0.98)
Igl0 1507 0.71(0.95) 67 0.73(0.96)
K1 Sp2 Ig5 942 0.10(0.53) 48 0.16 (0.71)
K2 Sp4 1g3 9% 0.17(0.93) 5 0.19 (0.98)
K3 Sp6 13 239 0.36 (0.91) 11 0.46 (0.96)
g4 239  0.41(0.92) 11 0.50 (0.97)
Ig5 239 0.46 (0.92) 11 0.56 (0.96)
Pal 92 0.59 (0.98) 6 0.59 (0.99)
Pa3 92 1.25(0.88) 6 0.94 (0.97)
Pa4 92 0.53(0.99) 6 0.52 (1.00)
K4 Sp8 Ig6 132 0.49 (0.74) 11 0.52(0.99)
Iq7 133 0.62(0.83) 11 0.65 (1.00)
g8 139 0.52 (0.90) 11 0.58 (0.99)
Pa2 90 0.66(0.93) 6 0.67 (1.00)
Pa5 90 0.57(0.93) 6 0.56 (1.00)
Pa6 90 0.67(0.90) 6 0.70 (0.98)

Table 10: Data pairs comparison between the SPSA (only <4489 ug/m?)
and IQAV.

Location X Y Hourly Daily
N S (R?) N S (R?)
K1 Sp2 Ig5 942 0.92 (0.90) 48 0.95(0.99)
K2 Sp4  Ig3 94 0.42(0.95) 5 0.46 (0.99)
K3 Sp6 1g3 239 0.50 (0.94) 11 0.58 (0.99)
Ig4 239 0.58 (0.95) 11 0.63(0.99)
g5 239  0.64(0.92) 11 0.70 (0.99)
K4 Sp8 Ig6 132 0.58 (0.75) 11 0.60 (1.00)
Iq7 133 0.74(0.83) 11 0.75(0.99)
g8 139  0.62(0.89) 11 0.66 (1.00)

Discussion

The implications of our showcase involve two areas: the
operational reliability and the data quality in contexts as
encountered in Ethiopia. In the operational reliability and data
quality sections, we discuss these two areas subsequently. We
discuss field testing in general in the field testing section.

Operational reliability

Regarding operational reliability it was found that not all systems
were without errors. However, the problems were solved by
replacing materials such as a sensor or a real time clock battery.
A malfunctioning SSys requires shipment to the producer for
repair. Our system simply needs replacement of the broken part,
which can be done on location. However, to get reliable repair
services, knowledge of both air quality and electronics, or a
close collaboration with electronics staff is necessary.

The LoRa network functionality worked well if the sensors were
placed outside. A network of LoRa will more likely become

operational if additional setups, measuring other environmental
data like soil and water quality, are used in the study area. As
an alternative to LoRa, in bigger cities with stable internet
connection, WiFi is an option. Most SSys use this to turn their
systems into a network. Alternatively, GSM communication can
be used. More generally, with an OEM-based self-built system
the data transmission method can be chosen according to the
local context. A SSys with WiFi instead forces the user to provide
good internet connections or face data loss.

For upscaling the SPSA to a whole network of SPSAs, a higher
level of organization is needed. Production, installation,
maintenance, data collection and data distribution of many
more systems are not likely run by a single initiative taker, such
as was the case in this showcase. There are some examples of
organized LCS application in the African continent. Awokola et
al. (2020) describe the use of the SSys PurpleAir at 13 different
sites across 7 African countries. Afriqair.org (Giordano and
Jaramillo, 2021) is another African initiative that uses existing
SSys (PurpleAir and MetOne). Working with a SSys, however,
results in dependency on foreign funding, foreign expertise,
specifications that are not necessarily designed for the local
context, and it raises questions on data ownership. Local
development with OEM sensors, instead keeps the costs lower,
gives local staff the opportunity to gain expertise, gives the
possibility for systems tailor-made for the local context and
gives clear local ownership. We found three African initiatives
that create their own sensor system with OEMs: https://sensors.
africa/air (OEM SDS011), Airqo.net (Bainomugisha, Ssematimba
and Okure, 2023; OEM Plantower PMS 5003), and Ngom et al.
(2018) (OEM HK-A5). Sensors.Africa is based on the German
initiative Luftdaten, which instead of a SSys has made their
system build with OEM completely public and therefore useable
by others. They are currently providing measurements in 11
cities across 7 African countries. AirQo.net is modelled after the
SSys PurpleAir, since like the PurpleAir they use two Plantower
PMS 5003 sensors in their system. They provide their sensor as
African-made SSys, and have sensors installed in eight African
countries. Both sensors.Africa and AirQo use WiFi to turn their
systems into a network of data collection. Ngom et al. (2018)
presented separate work of a sensor system used in Senegalese
cities, with LoRa data transmission.

Data quality

Regarding the data quality, this case shows high concentration
correlations between collocated instruments. This is especially
the case for Arba Minch, where abundant measurements were
conducted. Less evidence is gathered for Addis Ababa. The
strong correlations between SPSAs show high instrument
reliability. This implies calibration can happen in retrospect or
with other studies. For ambient conditions, the results suggest
a strong equivalence with the gravimetric method if calibration
is conducted, but more evidence is required. For indoor
circumstances, the strong correlation with the gravimetric
reference method, in combination with the low bias, shows
that the SPSA can be used without calibration. The strong
correlations between measured concentrations of collocated
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Figure 5: Box plots of time averaged data for four kitchen locations (K1-K4). The boxes extend from the first quartile (Q1) to the third quartile (Q3) of the
data. The whiskers extend from the boxes by 1.5 times the inter-quartile range (Q3-Q1).

10000

1000

100

10

Spy oncentration (ug/m?3)

o Al:Spl &Sp2

o Al:rSpl &Sp4

o
0

i 10—milnute average

1

10 100 1000 10000

Spx concentration (ug/m3)

e A2:Sp3 & Sp5 .

1000 +§

100 +§

10 3

Holurlv average

1

10 100 1000

Spx concentration (ug/m3)

A3:Spll & Spl2 .

K3:Sp6 & Sp7 & K4:Sp8 & Sp9
100U o .
®
~
100 4 o
10 A
-"’
1 i Dallilv average
1 10 100 1000

Spx concentration (ug/m3)

Figure 6: Scatter plots for all data pairs of collocated SPSA, (A) 10-minute averages, (B) hourly averages and (C) daily averages.
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Figure 8: Daily and monthly averaged concentration for one SPSA and a BAM, at distinct locations in Addis Ababa.

SPSA and SSys imply that SSys can be used as unofficial
calibration instruments in local and remote contexts that have
no resources for calibration with a gravimetric method. The
large difference in required calibration between ambient and
indoor circumstances is most likely due to particle differences
(Karagulian et al., 2019). For the SPS30, Sousan et al. (2021)
found under laboratory conditions highly linear results (r = 0.99)
with a reference instrument for three aerosol types. The slopes
for each of the aerosol types, however, were different, ranging
from 0.75 to 2.0. This underlines the importance of testing an
LCS at the location of intended use. We further discuss this
under the field testing section.

Of all OEMs created, we have only used the SPS30 in our setup.
Other studies find that of the different OEMs, SPS30 performs
well. In their laboratory study, Sousan et al. (2021) compared
the SPS30 along with other LCS to a reference instrument.
They conclude that the ‘SPS30 and OPC-N3 {(...) demonstrated
the best performance, with high correlation and lowest bias
values, for all aerosol types and PM metrics in environmental
and occupational settings. (...) In contrast, AirBeam2 and
PMS A003 exhibited low accuracy for all aerosol types and PM
metrics in both settings.” (Sousan, Regmi and Park, 2021, pp.
23-24). The AirBeam2 uses instruments and calibration like
the PurpleAir. The PMS A003 is a Plantower instrument, used
both in the PurpleAir and AirQo. A common problem for a PM,,
LCS is influence by relative humidity (RH). However, compared
to OEMs Plantower and Honeywell, SPS30 has the lowest
reaction to RH (Hassani et al., 2023). According to Budde et al.
(2018), the SDS011 (used in sensors.Africa) has a significant
variance amongst similar sensors and is strongly influenced
by relative humidity. Like Sousan et al. (2021), we observed a
robust performance of the SPS30 across different concentration
ranges. The sensor showed a small variance amongst collocated
identical sensors. The sensor is versatile for both indoor and
ambient situations, across all concentration ranges. This was
less the case for the two SSys used as comparison in our study
(IQAV and PATS). A low influence of RH also follows from the fact
that over a period of 10 months the SPSA followed the city-wide
concentration trend in Addis Ababa, across both dry and wet
seasons.

Field testing

It is important to evaluate LCSs in the same context as where
they will be used to monitor air quality. For both SSys and
OEMs, field validation in low-income country contexts is
limited. Karagulian et al. (2019) conducted a review of 112
different LCS (64 independent studies, 31 OEMs and 81 SSys).
From all 64 studies, only one concerned a PM,, sensor which
is evaluated in a low-income country: the SSys PATS inside
kitchens in Guatamala (Pillarisetti et al., 2017). Most projects
using SSys and OEMs in Africa do not mention field tests at the
location of the study. Awokola et al. (2020) present the data of
measurements with a PurpleAir ‘as is” and refer for field tests to
studies conducted at regulatory sites in the USA (Malings et al.,
2020). AfricaAir, using the SSys PurpleAir and Met-One, likewise
refer to these studies. For OEMs, Adong et al. (2022) compared
the AirQo (OEM Plantower) to a BAM at two ambient locations
in Kampala city in Uganda, with average concentrations of 37.5
and 45.1 pg/m®. Wernecke et al. (2021) announced tests of LCS
and reference-grade instruments collocated at one ambient
location, for half a year in 2021. We were not able to find any
published results of this yet. For indoor contexts, we did not
find any field validation of OEMs in a low-income country. Also,
none of the sparse ambient field validations make mention of
comparison with the gravimetric method. In other words, thus
far the field validation of LCS in African contexts has been poor,
both forindoor and ambient studies circumstances. Our study is
the first to compare the SPS30 under indoor field circumstances
to a gravimetric method. Our ambient field testing is also a
first of its kind in this size (multiple ambient locations across
multiple cities). Still also in our study the ambient testing is
limited. We have only used the gravimetric method three times
at one ambient location. Currently, data collection for the SPSA
isongoing at ambient locations in Addis Ababa and Adama, with
20 collocated gravimetric samples planned. We used the UPAS
for both ambient and indoor measurements for comparison,
but the UPAS is designed for indoor concentrations. Using a
gravimetric instrument made for ambient monitoring (such as
a Low Volume Sampler) would make the reliability of the data
quality testing stronger. At this moment, such an instrument is
not available in Ethiopia.

In any case, a large advantage of using OEMs instead of SSys is
that, when a better sensor enters the market, one can decide
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to self-assemble the newer sensor in the system. For example,
sensors.Africa at this moment uses the SDS011. They are likely to
have the infrastructure to switch to an OEM with lower variance
and less reaction to RH, like the SPS30 seems to have.

Conclusion

Low-cost sensors are a promising direction for PM, . monitoring
in Ethiopia, and self-developing the sensor system with an OEM
even more so. While low-cost sensor projects have started in
the African continent, most are externally funded and field
validation at the location of deployment is still very poor. Our
results from Arba Minch and Addis Ababa show the potential for
a cheap, flexible, and reliable PM,, measurement instrument,
across both ambient and indoor pollution circumstances,
based on the OEM Sensirion SPS30. To use it in larger quantities
(such as a network), or for others to use it, either a more official
approach is required (with the danger of losing ownership), or
good cooperation between experts of different professions.
Challenges of working with an OEM are the required expertise
and lower ease of use compared to a SSys. These challenges
should be seen as opportunities for increasing local skill,
local ownership, instruments tailormade for local use, and for
achieving the highest data quality for the lowest costs.
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