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Editorial 
South Africa’s electricity disaster is an air quality 
disaster, too

South Africa’s electricity supply constraints were declared a 
State of Disaster on 9 February 2023, coinciding with the 102nd 

consecutive day of power cuts, euphemistically called ‘load 
shedding’. Load shedding dates back to late 2007, but increased 
more than fourfold in 2022 relative to 2021, occurring on 43% of 
hours in the year (Pierce and le Roux, 2023). 

Eskom, the national electricity utility, is the highest profile 
emitter of air pollution in South Africa (Eurididou et al., 2022), 
but other sources of air pollution increase when coal-fired 
power stations are down. Generators running on diesel or 
petrol are fired up by businesses and higher-income households 
during load shedding. In many lower-income residential areas, 
load shedding is exacerbated by the tripping of overloaded 
distribution networks and the slow response time of the 
utilities that de-prioritise restoration in municipalities with 
dubious payment histories. Such communities, in which large 
proportions of households already use dirty fuels (e.g. wood, 
coal, paraffin) to meet some of their energy needs, now become 
even more reliant on these. The use of these fuels greatly 
contributes to poor ambient and indoor air quality (e.g., Pauw et 
al., 2022; Walton et al., 2021; Wernecke et al., 2021; Wernecke et 
al., 2015, Hersey et al., 2015, Naidoo et al., 2014; Moletsane et al., 
2021). These generator and residential burning emissions are of 
course released in very close proximity to people, have a high 
inhalation intake fraction and represent an increased health risk 
to humans and the environment. Thus, during load shedding, 
the air pollution from energy generation shifts to local sources 
which can lead to short-term peaks in ambient pollution. 

Returning to the power stations, the shortage and more recently 
low availability of generating capacity have long been grounds 
to keep coal-fired units running with emissions above the 
licence limits. Since 2008, Eskom’s power stations have been 
applying to the licensing authorities for short-term exemptions 
from some emission limits to allow them to continue operating 
in the event of an equipment malfunction or breakdown. The 
lack of sufficient capacity and shortage of funds integral to the 
electricity crisis then formed the main justification for Eskom’s 
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applications for postponement and then the suspension of the 
Minimum Emission Standards. Now in 2023, none of Eskom’s 
coal-fired power stations are fully compliant with the emission 
limits that came into effect in 2020 and were first gazetted in 
2010.  Power stations are emitting SO2 at levels 3-6 times higher 
than the Minimum Emission Standards limit. 

The declaration of the State of Disaster means that even the 
more lenient emission limits and controls that have not been 
waived due to exemptions and postponements are no longer 
in effect. The Electricity National State of Disaster regulations 
published on 28 February 2023 allow the Minister to exclude 
‘repairs … and existing generation … facilities from the 
provisions of the National Environmental Management Act, or 
any specific environmental management Act … for the duration 
of the national state of disaster’ (paragraph 5(1)(i)). While the 
relaxing of environmental controls no doubt has the potential 
to assist with short-term improvements in plant availability 
and consequently electricity supply, the neglect permitted will 
probably lead to longer-term declines in the state of the plant, 
which is in direct conflict with one of the stated objectives of 
the State of Disaster to ‘protect property’, and will increase air 
pollution in the region. It is critical that this relaxation is only 
temporary.

The current inoperation of units 1-3 at Kusile Power Station, 
Eskom’s newest and “cleanest” coal-fired station, illustrates how 
running a unit too hard can contribute to a plant failure that can 
result in a much longer outage time and much greater cost of 
repairs than would have been the case had the unit been taken 
down when problems were first detected. The three units at 
Kusile have been out of commission since 23 October 2022, when 
the flue duct exiting unit 1’s flue gas desulphurization (FGD) 
plant to the stack failed and at the same time compromised the 
flue ducts for units 2 and 3 (Creamer, 2023). Eskom intends to 
build temporary stacks that will bypass the FGD and operate the 
three units using these flues for a year or so while the permanent 
flues and chimney are repaired.  These stacks are likely to be 
considerably shorter than the existing 220-metre stacks at 

1Department of Geography, Environmental Management and Energy Studies, University of Johannesburg, South Africa
2Department of Geography, Geoinformatics and Meteorology, University of Pretoria, South Africa

3South African Earth Observation Network (SAEON), South Africa and Department of Geography, Geoinformatics and Meteorology,  
University of Pretoria, South Africa

4Department of Mining Engineering and Mine Surveying, University of Johannesburg, South Africa

https://doi.org/10.17159/caj/2023/33/1.15799

https://orcid.org/0000-0003-0936-2051
https://orcid.org/0000-0002-1855-8622
https://orcid.org/0000-0002-5285-4783
https://orcid.org/0000-0001-9864-7969
https://orcid.org/0000-0001-5464-7158


4CLEAN AIR JOURNAL 
Volume 33, No 1, 2023

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

Editorial: South Africa’s electricity disaster is an air quality disaster, too Page 2 of 2

Kusile. The combination of the SO2 emissions that are an order 
of magnitude higher without the FGD and the shorter stacks 
resulting in poorer dispersion will greatly increase ambient 
SO2 concentrations in the vicinity of the power station. This is 
an area with already unacceptably high SO2 concentrations, as 
was pointed out in the Air Quality Impact Assessment conducted 
prior to the construction of Kusile (Thomas and Scorgie, 2006).

So where to from here? It seems the only thing worse than 
having an electricity supply dominated by coal generation (80% 
in 2022; Pierce and le Roux, 2023) is having coal-fired power 
stations that do not supply electricity and perform badly. The 
availability of Eskom’s fleet has declined from around 85% in 
2008 (Eskom, 2011) to 58% in 2022 due to 30% of the fleet being 
on unplanned outages during the last year (Pierce and le Roux, 
2023). Relative particulate (ash) emissions, a good indication 
of the performance of the abatement technology, more than 
doubled between 2008 (0.21 kg/MWh sent out) and 2020 (0.47 
kg/MWh sent out), although they declined again by 2022 to 
0.34 kg/MWhSO (Eskom, 2022; 2011). Prioritising production 
over the integrity of the plant for the last 15 years is one of the 
reasons that the coal-fired fleet is so unreliable today, and the 
State of Disaster will only exacerbate this practice. It is very well 
established that air pollution leads to thousands of premature 
deaths in South Africa a year (Altieri and Keen, 2019; Marais et 
al., 2019 ; Langerman and Pauw, 2018). The cost of the emissions 
from both residential energy use and Eskom’s power stations 
cannot be ignored. While South Africa still depends on a fleet of 
coal-fired power stations, it is crucial it be properly maintained 
and responsibly operated to avoid exacerbating the already 
poor air quality in the Highveld.
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Commentary 
Air quality risks pertaining to tailings storage 
facilities within the Witwatersrand Goldfields

President Nelson Mandela at the 104th Annual General Meeting 
of the South African of the Chamber of Mines on the 8th of 
November 1994 announced that: “South Africa is blessed with 
a special geological heritage. As such, the mining industry has 
been the bedrock of the South African economy for more than a 
century”.

Mining also creates residuals (tailings). Research has shown 
that tailings particles showed inherent in vitro toxicity based on 
physicochemical properties (Andraos & Gulumian, 2021).

Mine tailings are stored in Tailings Storage Facilities. Tailings 
Storage Facilities (TSFs) are engineered structures that are 
designed to contain tailings (residue following the extraction 
of valuable material from metal ore processing) and to manage 
associated water. TSFs are among the largest dams and 
structures in the world and will stand in perpetuity.

The Witwatersrand has been mined for more than a century. It 
is the world’s largest gold and uranium mining basin with the 
extraction, from more than 120 mines, of 43 500 tons of gold in 
one century and 73 000 tons of uranium between 1953 and 1995, 
which led to a legacy of some 400 km2 of TSFs and 6 billion tons 
of pyrite tailings containing 600 000 tons of uranium (Chevril et 
al, 2008).

Pollution related to Witwatersrand TSFs poses a number of 
hazards to surrounding communities.  The major primary 
pathways by which contamination can enter the environment 
from TSFs are:
•	 the airborne pathway, where radon gas and windblown 

dust disperse outwards from mine sites, 
•	 the waterborne pathway, either via ground or surface water 

or due to direct access, where people are contaminated, 
•	 or externally irradiated after unauthorized entry to a mine 

site,
•	 by living in settlements directly adjacent to TSFs or in some 

cases, living in settlements on the contaminated footprints 
of abandoned mines (Sutton, 2007).

The Department of Agriculture and Rural Development in its 
2011 Report, titled “Feasibility Study on Reclamation of Mine 
Residue, Areas for Development Purposes: Phase II Strategy and 
Implementation Plan” also identified air-quality, with particular 
reference to dust pollution from TSFs (including radioactive 

Mariette Liefferink1

dust) as one of the three main issues relating to TSFs within 
the Witwatersrand (Department of Agriculture and Rural 
Development, 2011).

Dust concentrations of up to 3 700 mg per m³ of air were reported 
from areas adjacent to TSFs of the East Rand during a windy day 
(Coetzee et al, 2006).

Hazards relating to the airborne pathway include particulate 
matter (PM10 and PM2.5), total suspended particulates, dust fall, 
silica quartz, iron pyrite and elements with concentrations 
higher than the average crustal soil such as gold, arsenic, lead, 
mercury, cyanide, etc. (Annegarn, 2021).  

With reference to dust fall, the National Dust Control Regulations 
of 1 November 2013 prescribe a dust fall rate for residential areas 
of no more than 600 mg/m2 per day, with a permitted frequency 
of two exceedances within a year but not in sequential months.  
Dust fall within non-residential areas may not exceed 1200 mg/
m2 per day, with a permitted frequency of two exceedances a 
year, not in sequential months.  A residential area is defined as 
an area classified for residential use in terms of the local town 
planning scheme while a non-residential area is defined as an 
area not classified for residential use in terms of the local town 
planning scheme. The National Dust Control Regulations do 
not include any penalties for exceedances. Penalties only apply 
to a failure to prepare, submit and implement an air quality 
management plan.

The proposed amendments to the National Dust Control 
Regulations of 2023 will require mining operations to develop 
and submit a dust management plan to an Air Quality Officer 
for approval prior to commencement of the operation or 
activity and not only if there were exceedances. Furthermore, 
the proposed amendments now include in its definition of 
“residential area”,  informal settlement areas, where no zoning 
is in place (Department of Forestry, Fisheries and Environment, 
2023).

Notwithstanding Regulations 17(6) to 17(10) of the Mine 
Health and Safety Act Regulations, under the heading “Safety 
Precautions”, which prescribe a horizontal distance (buffer zone) 
of 100 metres from “dams, waste dumps or any other structure 
whatsoever including structures beyond mining boundaries” 
and the Department of Mineral Resources and Energy’s rule 

1Federation for a Sustainable Environment, Johannesburg, South Africa
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to extend the prescribed 100 metres to 2 000 metres, housing 
developments, both formal and informal, continue to encroach 
onto land close to TSFs (Department of Mineral Resources 
and Energy, 2015). The housing and population sprawl near 
TSFs in the Witwatersrand is exacerbating human exposure to 
windblown dust (Kneen et al, 2015). 

Analysis of monitoring campaign data has confirmed multiple 
occurrences of quartz rich inhalable dust in residential settings 
at levels that exceed occupational health standards. Research 
by Kneen et al. (2015) indicates that the finer milling used for 
modern gold extraction results in aeolian dust emanating from 
the TSFs, which contributes to a higher proportion of inhalable 
particles in the source material. Air quality dispersion modelling, 
validated by ambient aerosol monitoring campaigns, indicates 
that episodic dust events generate particulate matter (PM10) 
and, specifically, quartz dust concentrations that are unhealthy 
at distances of up to 2 km downwind from TSFs (Kneen et al, 
2015).

As a consequence of the uraniferous nature of the ore, 
Witwatersrand tailings often contain significantly elevated 
concentrations of uranium and its daughter radionuclides, with 
the decay series of U238 being dominant.  Mining has resulted in 
the dispersal of radioactive material into the environment via 
inter alia windblown dust (Coetzee & van Tonder, 2008).

The eastern catchment of the Mooi River, also known as the 
Wonderfonteinspruit, has been identified in a number of 
studies as the site of significant radioactive and other pollution, 
generally attributed to the mining and processing of uraniferous 
gold ores in the area. An assessment of radiological impacts 
of mining activities in the Wonderfonteinspruit Catchment 
Area (WCA)1 was carried out on behalf of the National Nuclear 
Regulator (NNR)2 by BS Associates in 2007.    

Although the potential radiation exposures caused by emissions 
of radon and contaminated dust from mining legacies were 
outside the scope of the investigations, it was found that 
“significant radiation exposure can occur in the surroundings of 
mining legacies, due to:
•	 Inhalation of Rn-222 daughter nuclides from radon emissions 

of desiccated water storage dams and slimes dams.
•	 The inhalation of contaminated dust generated by wind 

erosion from these objects, and
•	 The contamination of agricultural crop (pasture, vegetables) 

by the deposition of radioactive dust particles, which can 
cause considerable dose contributions via ingestion. 

“Due to the small particle size of the slimes, particulate matter 
can be transported over relatively long distances to agriculturally 

used land in the surroundings… the deposition of radioactively 
contaminated dust on leaves of vegetable and forage plants can 
cause radiation exposures exceeding those from the “inhalation 
of contaminated dust” substantially, being in the order of dose 
contribution of the so-called ‘water pathways’” (National Nuclear 
Regulator, 2007).

In any pollution scenario, it is important to understand the 
risk posed by the pollution to the local human population 
hence it begs the question:  how dangerous is uranium and its 
radioactive progeny to human health? High confidence scientific 
research has found that uranium is capable of spontaneously 
giving off energy and particles that can break chemical bonds 
and damage living cells – this property is termed radio-toxicity.  
Alpha emitters, once deposited inside the body can irreparably 
damage adjacent tissue and result in mutagenic defects and other 
malign transformations. In the light of new findings, uranium 
apart from kidneys, attacks the brain, acts as an endocrine 
disruptive compound by mimicking oestrogen (with possible 
consequences for the foetal development), compromises the 
immune system and damages the DNA (Brugge & Buchner, 2011; 
Institute de Radioprotection et de surete nucleaire, 2005; Zaire 
et al, 1997).

With reference to the health effects of the inhalation of 
uranium particles, research has found that small particles are 
carried by the inhaled air stream all the way into the alveoli. 
Here the particles can remain for periods from weeks up to 
years depending on their solubility. Highly insoluble uranium 
compounds may remain in the alveoli, whereas soluble 
uranium compounds may dissolve and pass across the alveolar 
membranes into the bloodstream, where they may exert 
systemic toxic effects. In some cases, insoluble particles are 
absorbed into the body from the alveoli by phagocytosis into 
the associated lymph nodes. Insoluble particles may reside in 
the lungs for years, causing chronic radiotoxicity to be expressed 
in the alveoli (Coetzee et al, 2004).

Stormwater drainage systems, into which windblown dust from 
adjacent slimes dams is flushed by run-off from sealed surfaces 
are also likely to constitute a major source of potential water 
pollution. Based on conservative assumptions regarding the 
affected surface area and average deposition rates of dust from 
adjacent slimes dams, it was estimated that approximately 
10 tons of particle-bound uranium per year are flushed by 
stormwater into receiving watercourses (Coetzee et al, 2006).

In the light of the abovementioned findings, it logically 
follows that tailings storage facilities and tailings within the 
Witwatersrand goldfields represent a significant risk to local 
communities and ecosystems, especially in downwind and 

1The Wonderfonteinspruit Catchment Area is a densely populated area and is extensively used for irrigation of edible crops, watering of cattle, 
spiritual rituals such as baptisms, recreational and domestic use and at times for drinking purposes due to the erratic supply of water (Liefferink, 
2015)
2The NNR is mandated to provide for the protection of persons (the public and workers), property and the environment against nuclear damage as 
the competent authority for nuclear regulation in South Africa
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downstream environments. It is therefore incumbent upon 
mining companies within the Witwatersrand to prevent the 
airborne risks associated with tailings and tailings storage 
facilities; to implement best practices in the design, construction, 
operation, maintenance, monitoring and management of 
the tailings storage facilities through all phases of a facility’s 
lifecycle, including care and maintenance, decommissioning, 
closure and post-closure; and to disclose relevant information 
to communities at risk to support public accountability. 

During the South African Human Rights Commission’s (SAHRC) 
National Hearing on the Underlying Socio-Economic Challenges 
of Mining Affected Communities in South Africa in 2016 and 
the SAHRC’s consultations with affected communities one of 
the most crucial factors raised with respect to environmental 
impacts was the increased levels of dust and the impact of these 
factors on food security, health, and overall conditions of well-
being. 

Pursuant to the SAHRC’s National Hearing, the Commission 
issued the following directives to the relevant organs of state:
•	 The Department of Environmental Affairs (DEA) (now 

the Department of Forestry, Fisheries and Environment), 
in cooperation with the Department of Cooperative 
Governance and Traditional Affairs (COGTA) and the South 
African Local Government Association (SALGA), is directed 
to conduct an audit of all provincial governments and 
municipalities to confirm:

a.	 Whether all municipalities have developed and 
incorporated an air quality management plan into their 
Integrated Development Plans; and

b.	 Whether all provincial Members of the Executive Council 
and municipalities have appointed an air quality officer 
in line with the National Environmental Management Air 
Quality Act (NEMAQA).

•	 Noting the reported lack of certainty around the applicability 
of NEMAQA to mining activities, the Department of 
Mineral Resources (DMR) (now the Department of Mineral 
Resources and Energy) together with the DEA are directed 
to issue a formal notice clarifying the requirements. A copy 
of this public notice must be submitted to the SAHRC within 
three months from the release of this Report and must be 
accompanied by a report outlining measures taken to 
ensure that all industry role players are adequately made 
aware of the requirements.

•	 The DEA and DMR must jointly report on the measures 
taken to streamline the control of the cumulative air 
pollution impacts of mining operations. This report must 
outline the mechanisms that have been put in place for 
collation, verification and dissemination of information 
between stakeholders in relation to impacts reported and/
or interventions undertaken in relation to air quality.

It is imperative that the SAHRC, whose Constitutional Mandate 
requires it to promote respect for human rights and a culture 
of human rights; promote the protection, development and 

attainment of human rights; and monitor and assess the 
observance of human rights in the South Africa, to ensure the 
compliance of the above-mentioned directives by the relevant 
organs of state, and in the absence of which, to legally enforce 
non-compliances.  After all, Section 24 of the Constitution of the 
Republic of South Africa enshrines the right of “everyone … to an 
environment that is not harmful to health and well-being” (The 
Constitution, 1996).
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News 
Initiating activities to tackle the health impacts 
from air pollution in East Africa: bringing together 
research, policy and practice

Air pollution is a global threat to human health, especially in 
low- and middle-income countries such as those on the African 
continent. In more than half of the countries across Africa, annual 
average concentrations of fine particulate matter (PM2.5) are over 
35 µg/m3, the least stringent interim target set by the World Health 
Organization (WHO, 2021) (Figure 1). This indicates the drastic 
problem facing human health across Africa in relation to air 
pollution exposure and subsequent adverse health impacts. 

Countries in East Africa experience high levels of air pollution as well 
as significant health impacts from both outdoor and household air 
pollution. According to the State of Air Quality and Health Impacts in 
Africa (2022) report, published by the Health Effects Institute (HEI) 
in partnership with the Institute for Health Metrics and Evaluation 
(IHME), Eastern Africa has the highest proportion of the population 
(95%) relying on solid fuels for cooking. Furthermore, the levels of 
ozone in the region are steadily increasing (HEI, 2022). In good news, 
deaths linked to ambient and household PM2.5 exposure in Ethiopia 
and Rwanda have been decreasing and steady over the past 5 years, 
respectively (Fisher et al., 2021). Public and governmental interest 
in the topic is growing in the region, and there is also a greater 
demand for data and evidence on air pollution levels and trends as 
well as associated health effects. There is also a growing focus on 
vulnerable groups such as unborn children, infants, children under 
5 years of age, pregnant women, older people, people with pre-
existing diseases and minority groups.
 
In this context, targeted interventions can play an important role in 
improving air quality and alleviating the associated public health 
impacts. 

Recent workshop held in Nairobi
Convened in March 2023, the Workshop on Air Pollution and Health in 
East Africa aimed to review the status of current data and evidence 
on air quality and associated health effects in the region and its 
interlinkage to current policy debate and actions. Discussions also 
aimed at coming up with concrete strategies for collaboration and 
strengthening technical expertise on air pollution and health in 
East Africa. The workshop was organized  by Health Effects Institute 
in partnership with the Stockholm Environment Institute – Africa 
Centre (SEI Africa), World Resources Institute (WRI Africa), Eastern 
Africa GEOHealth Hub (Kenya) and AirQo.

The workshop was attended by more than 50 researchers, policy-
makers, and other key researchers and practitioners from across 
the East African region (Figure 2). Dr. Alice Kaudia from the Climate 
and Clean Air Coalition spoke about the need for an integrated 

Caradee Y Wright    1, Victor Nthusi    2 and Pallavi Pant    2

approach to addressing air pollution and climate change with a 
focus on improvements in public health and engagement across 
sectors. 

Some pertinent messages were drawn out during the two-day 
workshop. Cost estimates of air pollution exposures on human 
health are needed to drive air pollution action; increased public 
understanding of air pollution and its health risks is a priority; and 
identifying viable, cost-effective pathways to meeting the WHO Air 
Quality Guidelines for criteria pollutants is important for the region. 

The group also highlighted the need to include health as a central 
pillar in decision-making related to air pollution. Almost all organs, 
systems and processes in the human body are affected by air 
pollution. Air pollution-related health effects include respiratory, 
cardiovascular, and cardiorespiratory diseases, as well as trachea, 
bronchus and lung cancers, pre-term birth and low birth weight, 
type 2 diabetes, and dementia, among others (Schraufnagel at el., 
2019). Short-term exposure to air pollution has been associated 
with aggravated asthma, ear, nose and throat irritations, and 

1Environment and Health Research Unit, South African Medical Research Council, Pretoria, South Africa
2Health Effects Institute, Boston, United States of America
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Figure 1: Annual average PM2.5 exposures in Africa in 2019 (HEI, 2022).

https://www.sei.org/centres/africa/
https://www.wri.org/wri-africa
https://geohealth-hub.org/
https://geohealth-hub.org/
https://www.airqo.net/
https://orcid.org/0000-0001-9608-818X
https://orcid.org/0000-0003-2736-427X
https://orcid.org/0000-0002-7118-3428


14CLEAN AIR JOURNAL 
Volume 33, No 1, 2023

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

News: Initiating activities to tackle the health impacts from air pollution in East Africa Page 2 of 2

increased emergency room visits (Manisalidis, 2020). Long-term 
exposure can lead to a range of outcomes including stroke, cataract, 
obesity, Alzheimer’s disease and also death (Manisalidis, 2020).

Through group discussions as well as a breakout session, 
participants discussed themes and topics that are aligned to 
short- and long-term research and policy priorities in air pollution 
and health research in East Africa as well as what would it take to 
address them. For example, one suggestion for a medium-term goal 
was to establish an East Africa air pollution and health repository 
where both air pollution and health data are housed to facilitate 
easier access to data for assessing the situation against the East 
Africa Standard (EAS) 1047 (UNEP, 2022) which all Eastern African 
countries have adopted.

During the workshop, it was also evident that policymakers in the 
region are engaged on issues related to air quality and are keen 
to use research evidence for decision-making. A key theme in 
this context was the need for implementation-based science, and 
opportunities to address key questions being faced by policymakers 
rather than science for the sake of science. 

Next steps
The deliberations at the workshop will feed into a research agenda 
for the region and partnerships that will deliver cleaner for all living 
in these countries. We hope that the connections and conversations 
lead to a sharper focus on air quality policies and actions on those 
most beneficial to public health in the region. Materials from the 
workshop including slides, recordings and a workshop summary 
are available on the HEI website. HEI also invites suggestions and 
ideas from the broader community.
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Erratum 
The launch of the first-ever Integrated Assessment 
of Air Pollution and Climate Change for Sustainable 
Development in Africa 
Published in Clean Air Journal, 32(2), 2022, https://doi.org/10.17159/caj/2022/32/2.15320
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Research article 
Studies into the reduction of domestic fuel burning 
emissions by means of facile catalytic abatement 
technology

Introduction
Domestic fuel burning
The negative health and socio-economic impacts of emissions 
associated with domestic fuel burning are widely recognized. 
The Global Burden of Diseases Study estimated that household 
air pollution was responsible for 2.8 million deaths and 85.6 
million disability adjusted life years (DALYs) globally in 2015 
(Cohen et al 2017). The study concluded that household fuel 

burning contributed significantly to mortality in low- and 
middle-income countries.  The 1996 and 2011 census data 
indicate that the proportion of households making use of solid 
fuels decreased in South Africa during this period, however there 
remain pockets of households that are still reliant on solid fuel 
(Pauw et al 2020). Areas that experience the highest impact of 
domestic fuel burning would be densely populated with a high 
density of emission sources. The negative impacts of household 
emissions are exacerbated by the fact that they are released 

Abstract
The negative health and socio-economic impacts of emissions associated with domestic fuel burning are widely recognized. Although 
there has been much progress in the provision of electricity to households in South Africa, many still rely on solid fuel sources such 
as wood and coal. While various investigations have been done on reducing household emissions by reducing the use of polluting 
fuels and improvements in combustion efficiency, comparatively fewer studies have been conducted on the reduction of emissions 
through use of abatement technology. Catalytic oxidation could be utilized to oxidize particulate matter precursors such as volatile 
organic compounds and soot particles to reduce secondary particulate formation. Although catalytic methods have not been 
effectively utilized in practical domestic applications, studies have shown effective soot reduction during laboratory testing. This 
study investigated the synthesis and use of a manganese oxide based catalyst to reduce particulate matter from domestic fuel burning 
stoves. The catalyst was synthesized onto a mesh substrate and inserted into the flue of the stove. During field testing, the presence of 
the catalyst increased the mass of particulate matter collected onto PTFE filters used for gravimetric analysis, with Scanning Electron 
Microscopy (SEM) analysis showing spherical particles in the pores of the filters used during the catalytic runs. The baseline runs 
had very few of these particle clusters. Energy Dispersive X-Ray (EDX) analysis of the catalyst run filters did not detect manganese, 
revealing that increased particulate concentrations were not as a result of macroscopic particles of the catalyst being dislodged from 
the support. Dislodgement of very small metal particles from the catalyst could, however serve as nucleation nodes for particle growth 
which would have a non-metal coating leading to the non-detection of manganese. The increase in particulate matter could also be 
caused by the impingement of particulate matter precursors on the catalyst followed by particle growth and dislodgement into the 
flue gas. The testwork showed that an active catalyst can be synthesized onto a mesh catalyst support in a relatively simple and cost-
effective manner, which can be utilized in domestic fuel burning devices. It is recommended that a range of optimized, potentially 
active catalysts be tested to improve the oxidation of particulate matter precursors to carbon dioxide.
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in the breathing zone of individuals (DEA 2019). Globally, the 
greatest negative health impact of domestic energy use is from 
incomplete combustion of fuels in low efficiency stoves and 
lighting devices (WHO 2014). 

Although there has been much progress in the provision of 
electricity to households in South Africa, many still rely on 
solid fuel sources such as wood and coal (Israel-Akinbo et al 
2018). A study by Israel-Akinbo et al. (2018) examined how poor 
households transition from traditional energy carriers such as 
wood to modern energy carriers such as electricity, biofuels and 
liquefied petroleum gas. In the case of energy usage for heating 
purposes, households would not necessarily switch to modern 
fuels as income rises, in line with the energy stacking model, 
where households use a combination of energy carriers on the 
upper and lower stages of the energy ladder depending on their 
needs. An earlier study conducted by the then Department of 
Energy (presently the Department of Minerals and Energy) came 
to a similar conclusion as their results indicated that poorer 
households relied on multiple sources of energy regardless of 
electrification status, which further points to an energy stacking 
model rather than the energy ladder theory (DOE 2012).

A South African study analyzing the economic impact of various 
air quality initiatives found that technology interventions in 
the domestic sector would be the most efficient way to reduce 
healthcare costs associated with urban air pollution (Leiman 
et al 2007). The interventions that have been investigated in 
South Africa include the electrification of households, the use 
of alternative fuels, improved household energy efficiency and 
encouraging the use of top down fire ignition methods, amongst 
others (Matimolane 2017, Msibi and Kornelius 2017, Mdluli et al 
2010, Wagner et al 2005, Scorgie 2012, Makonese 2015).

While various investigations have been done on reducing 
household emissions by reducing the use of polluting fuels and 
improvements in combustion efficiency, comparatively fewer 
studies have been conducted on the reduction of emissions 
using abatement technology. 

The aim of this study was to investigate the potential of 
particulate matter emission reduction in the domestic sector 
using an appropriate abatement technology. The study thus 
investigated the emissions that are likely to arise from domestic 
fuel burning and the available catalytic and non-catalytic 
abatement technologies for the reduction of the particulate 
emissions reported in the literature. The study sought to 
identify, synthesise and test a suitable abatement technique 
to decrease particulate matter emissions from domestic fuel 
burning devices.

Implementation of abatement technologies

Previous studies
Investigations and research into the reduction in emissions from 
household appliances appears to have been largely focused on 
improving combustion efficiency and little information seems to 

be available on secondary or end of pipe type measures to reduce 
emissions. The use of secondary measures to reduce emissions 
from small combustion sources in Europe was found to be 
limited due to the high cost and maintenance requirements of 
such installations which were limited to the use of electrostatic 
precipitators (ESPs) (Amann et al 2018).

A review by Lim et al (2015) investigated the use of emission 
reduction technologies for small scale installations. The study 
evaluated several technologies that had been tested such as 
the use of additives, catalytic filters, electrostatic precipitators 
as well as technologies from the automotive industry. It was 
concluded that most technologies were still under development 
and had experienced challenges on implementation.

Cheng et al (2018) investigated the use of high gradient magnetic 
separation in capturing airborne particles but it achieved low 
capture efficiency for particles smaller than 50 µm.

In another study, Yamamoto et al (2013) investigated the use 
of a heated carbon fiber filter to remove soot particles from 
diesel combustion. Without heating the filter, particles would 
accumulate on the filter, reducing the porosity significantly. By 
increasing the filter wall temperature using an electric heater, 
the study found that most of the particulates could be burned off, 
resulting in continuous filter regeneration. The study indicated 
that, while most of the particulates were burned off in the filter, 
new ultra-fine particles of less than 30 nm were formed, which 
may have an impact on human health.

Hukkanen et al (2012) investigated the use of a catalytic 
combustor in reducing emissions from a wood fired boiler. The 
catalyst utilized consisted of metal wire mesh covered with a 
platinum and palladium catalyst. For the entire combustion 
cycle, reductions of 21% for CO, 14% for organic gaseous 
carbon and 30% of PM1 was achieved. In this case, the flue gas 
temperatures were high enough to activate the catalyst, but 
the study notes that some residential heaters may not have 
sufficiently high flue gas temperatures to achieve this. A major 
disadvantage of this technology is the high cost of the precious 
metals used as catalysts.

Ozil et al (2009) investigated the use of two catalysts, a cordierite 
honeycomb monolith support and a metallic corrugated 
structure impregnated with an alumina washout. The study 
showed that the temperature of the flue gas of a wood fired 
boiler was too low during start up and shut down for the catalyst 
to be effective and the use of a heating system was found to 
dramatically reduce the emissions of CO and VOCs, with a CO 
reduction of between 80 and 90% being achieved.

Emissions from domestic fuel burning
Flue gas from domestic solid fuel combustion typically has 
a low particle loading and the particles are small in size (Xu 
2014); specifically, the particulates are expected to be 95% PM2.5 
(Zhang et al 2018). 
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Previous studies have indicated that the particulate matter 
emissions from solid fuel burning comprised mainly of organic 
particles, soot and inorganic fly ash (Zhang et al 2018, Torvela et 
al 2014, Nystrom 2016, Makonese et al 2019). These particulates 
are also expected to react with each other and with gaseous 
emissions in the combustion chamber and flue. The temperature 
of the flue gas, which is likely to depend on the positioning of the 
abatement device, will influence the catalyst efficiency as well 
as both the aging of the particulates and their properties. Closer 
to the combustion chamber, sticky, tarry carbonaceous particles 
may form (Makonese et al 2019). Various other chain-like or 
cluster-like particulates are also likely to be present (Forbes 
2012). In addition, organic particles with inorganic inclusions 
may form. A smaller fraction of inorganic fly ash emissions is 
expected, which may be larger in size than the organic particles 
(Zhang et al 2018, Makonese et al 2019).

Catalytic abatement
The collection efficiency for particles smaller than 5 µm, as is 
expected in flue gas streams, is low and non-catalytic methods 
are unlikely to achieve a meaningful reduction in particulate 
matter concentration (Perry et al 1997). Catalytic oxidation 
could be utilized to oxidize particulate matter precursors such 
as volatile organic compounds and soot particles to reduce 
secondary particulate formation. Catalytic abatement allows 
users to utilise the available fuel, with reduced negative health 
outcomes.  Although catalytic methods have not been effectively 
utilized in practical domestic applications, studies have shown 
effective soot reduction during laboratory testing (Gao et al 
2020).

Volatile organic matter and soot can be oxidized using supported 
noble metal catalysts and metal oxide catalysts. Noble metal 
catalysts generally are more active than metal oxide catalysts, 
but metal oxide catalysts are more resistant to certain catalyst 
poisons such as halogens, As and Pb. Metal oxide catalysts 
importantly have a substantially lower cost and can be 
sufficiently reactive for some applications (Huang et al 2015) and 
were therefore selected for this study. The most effective single 
metal catalysts have been found to be oxides of V, Cr, Mn, Fe, Co, 
Ni and Cu (Spivey 1987). Manganese was selected for this study 
due to the promising results achieved with laboratory testing 
(Gao et al 2020). The results indicated that the soot conversion 
percentage was temperature dependent and increased at 
temperatures above 250°C. Furthermore, manganese oxide 
catalysts have low toxicity, low raw material cost and a diversity 
of crystalline structures which determine the catalytic activity 
(Huang et al 2015). In this study, a manganese oxide based 
catalyst was prepared and characterized. It was then tested 
for potential local application, utilizing a commercial domestic 
stove.

Methods
Catalyst Requirements
In order to be considered effective, the designed catalyst 

should conform to various safety and performance criteria such 
as acceptable emission reduction, limited clogging, ease of 
installation, heat resistance, cost effectiveness and the catalyst 
should be non-toxic. Installation should be possible on non-
standardised units, should be self-cleaning or easy to clean with 
little or no electricity required for operation. The catalyst must 
further be acceptable to the end user. 

Emissions are also expected to vary during the different stages of 
the combustion process. As the abatement will be in operation 
during the entire combustion cycle, it should accommodate the 
emissions from the combined combustion cycle. 

Catalyst Synthesis
Three catalyst preparation techniques were tested namely 
precipitation, wet deposition and dry deposition. The choice of 
the catalyst support was based on the risk of clogging, ease of 
installation, minimizing pressure drop, high air flow through the 
catalyst, and cost, amongst other parameters. A coarse 0.5 mm 
thick steel mesh was thus used as the catalyst support for direct 
use in domestic flues as shown in Figure 1. 

The synthesis utilizing precipitation was based on the 
polyol method, which is well-known for producing metallic 
nanoparticles (Augustin et al 2015, Li et al 2011, Liu et al 
2010, Sukhdev et al 2020). A glycol solvent such as ethylene 
glycol functions as a solvent for the metal precursors as well 
as functioning as the reducing agent (Benseeba 2013, Rao 
et al 2017).  The glycol further controls particle formation 
by controlling nucleation, growth and agglomeration of the 
particles. The method described by Augustin et al (2015) utilizes 
mild reaction conditions to produce manganese oxide particles 
with varying structures and compositions and was therefore 
used as a basis for the synthesis of the manganese oxide catalyst 
in this project. 

Manganese (II) acetate tetrahydrate (>99%), tetraethylene glycol 
(99%), iron (III) nitrate nonahydrate (>98%) and ethylene glycol 
(>99%) were obtained from Sigma-Aldrich (South Africa). All 
reagents were used as received.

Typical test conditions were as follows: The reaction solution 
was prepared using 0.5 g of magnesium acetate dissolved in 60 
mL of ethylene glycol and 6 mL of tetraethylene glycol (TEG). 
The catalyst support mesh (commercially available 0.5mm thick 
steel mesh obtained from Leroy Merlin Hardware Store) was 
washed using acetone prior to synthesis. The mesh was then 

Figure 1: 0.5 mm thick steel mesh used as catalyst support (a) for 
installation at the base of the flue (b)

a) b)
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suspended in the reaction mixture using wire hooks secured 
to the beaker using rubber-based putty adhesive. The mixture 
was then gradually heated on a magnetic stirrer hot plate 
(Heidolph, Germany) and stirred using a magnetic stirrer. The 
temperature of the reagent mixture was measured manually 
using a thermometer. The reagent mixture was gradually heated 
to a temperature of 170°C. Samples were removed from the 
reaction mixture after precipitation occurred at 170°C and were 
washed using ethanol (>98%, Sigma-Aldrich). The samples were 
dried under argon (99.9%, Afrox) and were then transferred to a 
muffle furnace (Lenton, South Africa) at 550°C for five hours to 
calcine under stagnant air. 

The wet deposition catalyst was synthesized by dipping the 
catalyst support into a concentrated manganese acetate 
tetrahydrate solution prior to calcining. A mesh sample was 
prepared using 8 g of manganese acetate tetrahydrate in 30 mL 
of water. The sample was dipped in the solution, removed and 
calcined without drying at 550°C for two hours. 

The dry deposition catalyst was covered in dry manganese 
acetate tetrahydrate powder prior to calcining at 550°C for two 
hours.

Catalyst Testing Methodology
The experimental setup consisted of a commercial one plate 
combustion device with a flue as shown in Figure 2 (Ndebele 
Appliances and Coal Stoves, Bronkhorstspruit, South Africa), 
which is representative of cooking stoves available in South 
Africa.  

Bulk catalysts were produced using precipitation and wet 
impregnation. The catalyst was positioned at the base of the 

flue where the highest flue temperatures were expected, as 
laboratory testing had indicated that the catalyst was only 
effective temperatures above 250°C (Gao et al, 2020).

For each test run, 100 g of soft wood sticks approximately 
150mm in length and 20 x 20 mm diameter were utilized and 
the combustion process was started using a single wax based 
firelighter ball. The soft wood was selected as fuel to improve the 
reproducibility of the test runs as the wood is more homogenous 
in size and composition when compared to hard wood or coal. 
The test runs were conducted under similar ambient conditions 
at the same time each day to improve reproducibility. The fuel 
used for the runs was sized, weighed and bagged to reduce fuel 
variability and to ensure consistent fuel moisture content. 

Measurement Methodology
The flue gas flow rate was measured using a vane type digital 
anemometer (Benetech, China). The flue temperature was 
measured using an infrared thermometer (Shenzen FLUS 
Technology Company, China). Measurements were taken at 
290mm from the flue exit point to allow for the cooling of the 
flue gas.

Particulates were collected for gravimetric analysis using 37 
mm polystyrene cassettes, with 37 mm polytetrafluoroethylene 
(PTFE) filters with a pore size of 2 µm (Environmental Express, 
South Carolina, USA). PTFE filters were selected as they are 
temperature resistant up to 260°C. A Gilian (GilAir Plus) personal 
sampling pump was used to collect particulates onto the filters 
at a sampling flow rate of 600 mL/min for 10 min.  The positioning 
of the sampling probe could potentially influence the size 
distribution of the particulate matter sampled, favouring the 
capture of finer particles. For this study non-isokinetic sampling 
was considered adequate as the study was interested in 
whether the catalyst affected the particulate matter formation 
in a relative manner, and not to quantify the emissions or derive 
emission factors. Sample filters were weighed using a Mettler 
Toledo microgram analytical balance in a temperature (21±1°C) 
and humidity (50±5%) controlled environment.

Catalyst and PTFE Filter Analysis	
The catalyst samples produced were examined using Scanning 
Electron Microscopy (SEM) using a Zeiss Crossbeam 540 SEM 
at 20 kV to determine the morphology and particle size of the 
catalyst and to determine the catalyst coverage on the mesh 
substrate. 

The catalyst samples were analysed using Energy Dispersive 
X-Ray (EDX) (OXFORD Link-ISIS-300 Zeiss, Germany) analysis to 
determine the semi-quantitative composition of the catalysts. 

The PTFE filter samples were examined using the same SEM 
instrument at 2 kV. A section of the center part of each filter was 
removed using a steel blade, mounted on an aluminum stub and 
sputter coated with Au to improve conductivity.

Figure 2: Diagram of the one-plate stove employed in testing of the 
catalyst
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Results and Discussion
Catalyst Synthesis

Synthesis using precipitation
The synthesis was optimized by changing the initial 
concentrations of manganese acetate tetrahydrate and TEG used 
to prepare the reaction mixture. The test sample was produced 
utilizing a 5 x 5 mm piece of mesh suspended in the reagent 
mixture. Although the precipitate formed on the wire mesh, the 
precipitate was patchy and did not cover a large percentage of 
the mesh surface. The Energy Dispersive X-Ray (EDX) analysis 
confirmed that the precipitates formed during the precipitation 
runs were manganese oxides with carbon inclusions. 

The test run was repeated with an increased manganese acetate 
tetrahydrate mass of 1 g to improve the catalyst coverage on 
the mesh. The mesh was calcined directly after synthesis and 
the calcining time was reduced to 2 hours to ensure that the 
catalyst was calcined directly after synthesis. The precipitate 
on the mesh could clearly be seen at 100 X magnification as 
shown in Figure 3. The precipitate covered the mesh well and 
formed clusters of precipitate in places. The utilization of higher 
concentrations of manganese acetate tetrahydrate greatly 
improved the precipitate coverage on the mesh.

To investigate the impact of the addition of TEG on the coverage 
and morphology of the catalyst, the previous test was repeated 
without the addition of TEG. The precipitate formed had good 
coverage, as shown in Figure 4. 

The addition of TEG did not appear to improve coverage of the 
mesh with catalyst particles and the precipitates appeared to 
have similar morphologies as shown in Figure 5. 

Synthesis using wet and dry deposition
A relatively smooth manganese oxide deposit was formed using 
wet precipitation and good coverage of the catalyst on the mesh 
was achieved as shown in Figure 6. 
 

The morphology of the catalyst changed significantly depending 
on the synthesis method used. At higher magnifications, 
the surface of the wet impregnation sample had a plate-like 
structure compared to the spherical, agglomerated particle type 
structure of the sample prepared using precipitation as shown 
in Figure 7. 

The catalyst prepared using dry impregnation did not achieve 
good coverage and the mesh substrate was still clearly visible.

Bulk catalyst preparation
Both the optimized precipitation synthesis and wet 
impregnation techniques achieved good coverage of the mesh 
substrate. The wet impregnation technique is a simpler process 

Figure 3: SEM micrographs of the catalyst synthesized using increased 
manganese acetate tetrahydrate concentrations showing precipitate on 
the mesh at 100 X magnification

a) b)

Figure 4: SEM micrographs showing the precipitate comprised of 
spherical particles at 1000 X (a) and 5000 X (b) magnification for the 
catalyst produced without the addition of TEG

a) b)

Figure 5: SEM micrographs at 5000 X magnification comparing the 
samples prepared with the addition of TEG (a) and samples prepared 
without TEG (b)

a) b)

Figure 6: SEM micrographs showing the catalyst synthesized using wet 
impregnation at 100 X (a) and 500 X (b) magnification

a) b)

Figure 7: SEM micrographs comparing the surface of samples prepared 
using wet impregnation (a) and precipitation (b) at 5000 X magnification

a) b)
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involving dipping the mesh into a concentrated solution of 
manganese acetate tetrahydrate prior to calcination, whereas 
the precipitation technique involves the gradual heating of the 
reagents to form a precipitate. The morphologies of the samples 
prepared were significantly different, as shown in the paragraph 
'Synthesis using wet and dry deposition'.

The sample was analysed using SEM. The results indicated that 
that the procedure can be successfully scaled up and that similar 
coverage and morphology was achieved to that obtained in the 
smaller test scale tests as shown in Figure 8.

Catalyst Testing
Bulk catalyst samples were prepared for testwork using both 
techniques and were then field tested.

The gravimetric analysis results indicated that relatively higher 
mass concentrations of particulate matter were recorded for the 
catalyst runs compared to the baseline runs as shown in Figure 
9. It was expected that due to the oxidation of VOCs over the 
catalyst, secondary particulate matter would be reduced during 
the catalyst runs.

To investigate the cause of the increased particulate matter, 
Scanning Electron Microscopy (SEM) analysis was conducted 
on five of the samples. Two baseline samples (Filters 3 and 10), 
two catalyst samples (Filters 6 and 9) and the field blank sample 
(Filter 2) were selected for analysis.

For the catalyst runs, clusters of particles could be seen within 
the pores of the filters, as shown in Figure 10. Both filters had 
particle clusters within the pores, but the Catalyst Hot Run 
which was sampled only during the flaming phase of the run 
and therefore for a shorter period (Filter 6) had fewer of these 
clusters. 

Particulate clusters can clearly be seen in the pores of the filter 
for the catalyst run. Very few similar clusters could be seen on 
the baseline sample filter as shown in Figure 11. 

Energy-dispersive X-ray spectroscopy (EDX) analysis was 
conducted at 15 kV on the samples to determine whether there 
was any detectable catalyst lost to the flue gas which would 
contribute to the PM load on the filters. Carbon and fluoride 
were detected by the EDX analysis due to the composition of 
the filter, therefore it was not possible to definitively determine 
whether the particulates formed were carbon-based due to the 
background carbon content of the filter. The EDX analysis did 
not detect any manganese and the increased particulate mass 
on the filters used for the catalyst runs were therefore not as a 
result of macroscopic particles of the catalyst detaching from 
the support.

Conclusions and Recommendations
The testwork showed that an active catalyst can be synthesized 
in a facile and cost effective manner onto a mesh catalyst 
support which can be utilized in domestic fuel burning devices. 
The catalyst is easy to install and can be customised to fit non-
standard domestic combustion units. The manganese based 
catalyst is heat resistant and does not release toxic materials. 
The catalyst is light in weight and requires no electricity to 
operate. During the limited test runs conducted, the catalyst 

Figure 8: SEM micrographs at 500 X magnification comparing the 
catalyst synthesized from the optimized test run (a) and synthesis of the 
bulk sample (b)

a) b)

Figure 9: Comparison of the gravimetric results for the catalyst and 
baseline runs

Figure 10: SEM micrograph at 3000 X (a) and 10000 X (b) magnification 
showing spherical particles smaller than 1 µm in size for the Catalyst Hot 
Run (Filter 6) 

a) b)

Figure 11: SEM micrographs comparing the filters from catalyst Run 3 
(Filter 9) (a) to baseline Run 3 (Filter 10) (b) at 200 X magnification

a) b)



CLEAN AIR JOURNAL 
Volume 33, No 1, 2023

© 2023. The Author(s). Published under a 
Creative Commons Attribution Licence. 25

Research article: Studies into the reduction of domestic fuel burning emissions by means of facile catalytic abatement Page 7 of 8

did not clog, the airflow was not restricted and the stove vented 
as per the baseline runs. It is recommended that the catalyst 
be tested over a prolonged period to determine whether the 
catalyst remains self-cleaning or whether it clogs over time. The 
number of consecutive cycles it can be used over should also be 
determined (in this study four cycles were successfully tested in 
this regard).

The total particulate concentrations were measured 
gravimetrically and the particle mass concentration of the 
catalyst runs were found to be higher than for the baseline 
runs. EDX analysis indicated that the increased particulate 
concentration on the catalyst runs was not likely to be as a 
result of macroscopic particles of the catalyst being dislodged 
from the support, as no manganese was detected. The catalyst 
therefore had good adherence to the catalyst support. 

SEM analysis showed that the catalyst run filters had particulate 
clusters comprised of spherical particles in the pores of the 
filters. The baseline runs had very few, if any, of these particle 
clusters. The increased particulate matter could result from 
the dislodgement of very small metal particles from the 
catalyst which served as nucleation nodes for particle growth. 
The metallic nuclei may have had a non-metal coating which 
may lead to non-detection by EDX. The increase in particulate 
matter could also be caused by the impingement of particulate 
matter precursors on the catalyst. Particle growth occurs on the 
catalyst surface. If the catalyst does not oxidize the impinged 
pollutant efficiently, particle growth can occur until the 
particles formed are dislodged from the catalyst by the flue gas, 
resulting in chain like aggregates. Measuring total particulate 
matter mass concentrations does not provide information 
on the morphology, surface chemistry, composition and size 
characterization of the particulates. It is thus recommended that 
more detailed analysis be conducted on the particulate matter 
to provide further insight into secondary particulate formation.

Although the reaction mechanism of oxidation over a 
manganese oxide based catalyst is generally understood as 
being through the supply of oxygen from the crystal lattice, 
a detailed understanding of the elemental reactions are not 
well understood, particularly for multicomponent systems 
(Khaskheli et. al. 2022). An improved understanding of the 
reaction mechanism could lead to the optimisation of the 
catalyst activity.

Various studies have shown that manganese oxide catalysts are 
able to oxidize CO, however previous studies investigating the 
use of manganese oxide catalysts for soot, CO and VOC reduction 
have mostly been conducted at laboratory scale and not under 
typical practical (real world) conditions. During laboratory 
testing, the soot or gas mixture has sufficient time to react and 
sufficient contact is achieved between the catalyst and the soot 
or gas (Khaskheli et. al. 2022). In a practical application, there 
will be much less contact time between the catalyst and the 
flue gas, which may impact on the efficiency of the catalyst. It is 
therefore recommended that a range of optimized, potentially 
active catalysts be tested to improve the oxidation of particulate 

matter precursors to CO2. In addition, it is recommended that 
further testwork include the analysis of gaseous components 
such as CO, VOCs and CO2 to determine the extent of oxidation 
of the particulate matter precursors. 

The testwork showed that an active catalyst can be synthesized 
onto a mesh catalyst support which can be utilized in domestic 
fuel burning devices. The potential use of an optimised, cost 
effective catalyst to reduce domestic fuel burning emissions 
by oxidising particulate matter precursors would enable the 
continued use of locally available solid fuel with reduced health 
and environmental impacts. 
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Research article 
Tropospheric ozone (O3) pollution in Johannesburg, 
South Africa: Exceedances, diurnal cycles, seasonality, 
Ox chemistry and O3 production rate

Introduction 
Ground-level ozone (O3) is a major component of photochemical 
smog (Jacobs, 1999). It can negatively impact human health and 
the environment by causing oxidative stress in the human lungs 
and/or in plant stomata (Monks et al., 2015; Sillman, 2003). O3 is 
a stressor on agricultural crops, and consequently on the world’s 
food supply (Mills et al., 2018; Wilkinson et al., 2012). O3 has been 
labelled as the most difficult pollutant to bring into compliance 
with air quality standards (Jacobs, 1999).

O3 is termed a secondary pollutant because it is formed in the 
atmosphere from precursor gases such as nitrogen oxides (NOx) 
and volatile organic compounds (VOCs) in the presence of 
sunlight (Jacobs, 1999; Pusede et al., 2015). However, O3 has a 
non-linear dependence on the concentrations of its precursors 
and thus is notoriously difficult to manage and mitigate. NO 
and NO2 interconvert rapidly in the atmosphere and their sum 
is denoted as NOx (Figure 1). Daytime photolysis of NO2 leads to 
the production of an O atom (Reaction 1) which then goes on to 

Abstract
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react with abundant oxygen molecules to form O3 (Reaction 2) 
and involves a third body molecule, most likely N2 (Figure 1). O3 
is also destroyed by NO to regenerate NO2, thus forming a null 
cycle (Reaction 3), traditionally termed the photo-stationary 
state (Jacobs, 1999). We subsequently refer to Reaction 3 as O3 
titration. However, if NO is converted back into NO2 by peroxy 
radicals (RO2) (Reaction 5), the latter originating from oxidation 
of  VOCs often by OH radicals or direct photolysis (Reaction 4), O3 
production ensues (Figure 1). It is the regeneration of NO2 from 
Reaction 5 instead of from Reaction 3 that leads to O3 production 
P(O3) and therefore to ground-level O3 pollution.

Understanding the termination reactions that remove RO2 
and NO2 radicals from this cycle are important in assessing O3 
production. In an area with elevated NO2 mixing ratios, NO2 can 
irreversibly react with OH to form nitric acid, HNO3 (Reaction 
6), which is soluble and will be washed out by wet deposition 
(Figure 1). The other termination pathway occurs in low NOx 
regions when RO2 (including HO2) radicals self-react to from 
ROOR (including H2O2) and O2 (Reaction 7) (Figure 1). The latter 
pathway is negligible in urban areas where considerable NOx 
mixing ratios are expected. Furthermore, we define the sum 
of O3 and NO2 as Ox, used as proxy for total oxidants in the 
atmosphere (Geddes et al., 2009). NOx and VOC emissions can 
vary considerably depending on location, yet O3 pollution is 
typically a regional problem due to the transport of precursors 
from their emission points, further complicating its source 
apportionment. 

Tropospheric O3 mixing ratios in southern Africa remain high, 
often exceeding air quality standards. A lack of spatiotemporal 
monitoring as well as elevated precursor emissions (Mills et 
al., 2018) hinders abilities to mitigate O3 pollution. South Africa 
is one of the few countries on the African continent to have 
comprehensive air quality legislation (Schwela, 2012). The 
National Environmental Management: Air Quality Act (Act 39 
of 2004) (AQA) enacted in 2004 identifies near-surface O3 as a 
criteria pollutant. The National Ambient Air Quality Standards 
(NAAQS) for O3 was set in 2009 at 61 ppb (120 µg/m3) for an 
8-hour running average, with 11 allowable hourly exceedances 
per year (Sonjica, 2009). In South Africa, air quality priority areas 
can be declared for specific regions which consistently exceed 
standards, or are expected to exceed in the near future, and 
which require specific air quality management actions from a 
national level to improve air quality (Legislation, 2005). There 
are currently three air quality priority areas within South Africa, 
namely the Vaal Triangle Airshed Priority Area (VTAPA) (van 
Schalkwyk, DEAT, 2006), the Highveld Priority Area (HPA) (van 
Schalkwyk, DEAT, 2007) and the Waterberg-Bojanala Priority 
Area (WBPA) (DEA,  2012). A southern portion of the city of 
Johannesburg falls within the VTAPA, while the HPA borders the 
city to the east (Figure 2). The WBPA is approximately 75 km to 
the north of the city. 

The City of Johannesburg (CoJ) is a rapidly growing urban 
area within the Gauteng Province of South Africa and is also 
the most populous city within the province (Figure 2). It is a 
noticeably higher altitude city at an elevation of 1750 m a.s.l. It 

is the most economically active in the country, contributing 17% 
to the country’s GDP (Parks Tau and Fowler, 2016). Amidst this 
economic activity and development, CoJ experiences degraded 
air quality due to emissions from sources such as a rapidly 
increasing commercial and private vehicle fleets, household fuel 
combustion of coal, wood, liquefied petroleum gas and paraffin, 
mine tailing dumps, and various other industries (Figure 3) 
(CSIR and Airshed Professionals, 2019). Additionally, emissions 
emanating outside the city boundaries can also impact the 
urban air quality, such as a 420 MW pulverized coal fired power 
plant (Kelvin Power Station) outside the north-eastern edge of 
the city, as well as pollutants emitted in the adjacent priority 
areas. Emissions from adjacent priority areas include those from 
13 of the country’s 15 coal-fired power stations with an installed 
nominal capacity of 38.5 GW. In addition, CoJ is impacted by 
large-scale biomass burning that occurs in southern Africa 
in the austral winter and early spring, from June to October 
(Archibald et al., 2010; Giglio et al., 2006). NOx is emitted through 
high temperature combustion from sources such as vehicles 
and coal-fired power stations; as well as natural sources such 
as lightning strikes (Maseko et al., 2021). VOC emissions have 
a variety of sources to the atmosphere, which may be natural 
(biomass burning or biogenic) or anthropogenic, including 
from transport, industrial and residential sectors. Indeed, an 
air quality study in South Africa attributed continental O3 to 
biomass and residential burning (Laban et al., 2018). From the 
Irene O3 sondes launch station 15 km north-east of CoJ, biomass 
burning and long-range transport are known to have important 
impacts on the variability and magnitude of column O3 (Diab et 
al., 2004; Raghunandan et al., 2007; Thompson et al., 2007; Witte 
et al., 2017). However, there has been less research on ground-
level O3 mixing ratios in Johannesburg and surrounding regions; 
though there have been some long-term measurements of O3 
in South Africa (Balashov et al., 2014; Krohm, 1993; Rorich and 
Galpin, 1998). 

Figure 1: The mechanism for O3 production involves NOx, VOCs and 
sunlight. The individual reactions are labelled according to the reactions 
in the text. Importantly, Reaction 3 is the O3 titration reaction (Jacobs, 
1999). 
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Literature on ground-level O3 mixing ratios in and around CoJ 
is primarily based on previous passive sampling measurements 
of monthly O3 mixing ratios with some continuous monitoring 
(Zunckel et al., 2004). Indeed, in the 1980s, O3 levels were 
already known to be unusually high, with a recorded peak 
of 302 ppbv in the spring of 1984 in Johannesburg (Stevens, 
1987). Furthermore, there were 84 exceedances of the previous 
US EPA hourly standard (80 ppbv) for the time period between 
1984-winter 1985 (Stevens, 1987). In that study, emissions from 
traffic were identified as a key contributor to NOx pollution. 
However, between 2005–2007, monthly averages of O3, 
measured by passive sampling, ranged between 0 and 43 ppbv 
at a rural site (Josipovic et al., 2010). Lourens et al. in 2011 
saw few exceedances of the NAAQS in O3 and NOx from passive 
sampling between 2007 and 2008, but did observe an anti-
correlation between high spring O3 mixing ratios and low spring 
NOx, likely indicative of a VOC-limited regime. A study of ground-
level O3 data of 1990-2007 in the Mpumalanga Province (east of 
Johannesburg) found no statistically significant trend in annual 
O3, and only one station exhibited a slight negative trend (-0.92 
ppb/yr) in spring O3 averages (Balashov et al., 2014). In addition, 
four out of five stations studied in Mpumalanga Province showed 
sensitivity to ENSO in December-May, with El Niño amplifying 
O3 formation (Balashov et al., 2014). Measurement sites in the 
VTAPA, which include the Diepkloof site in the southern part of 
CoJ, recorded exceedances of the NAAQS as well as a seasonal 
increase in springtime O3 (Govender and Sivakumar, 2019). 
Most of these studies conclude that further research in the 
Johannesburg-Pretoria Megacity area is needed.

CoJ installed an air quality monitoring network in 2004 to 
quantify the extent of its air quality problem in its metropolitan 
area. Since then, air quality data including ozone (O3), nitrogen 
oxides (NO and NO2) and carbon monoxide (CO) have been 
measured in real time. In this study, we looked at a dataset 
from 2004 to 2011 of hourly O3 mixing ratios and its precursors, 
namely NO, NO2, NOx and CO, measured at three different 
monitoring sites within CoJ. Importantly, we quantify Ox, the 
sum of NO2 and O3, to estimate the photochemical production 
of O3 on a regional scale (see Figure 4). To mitigate tropospheric 
O3 pollution, we must develop strategies to lower O3 production 
rates, and Ox represents a good proxy for this rate (Geddes et 
al., 2009; Sokhi et al., 2021). To be clear, high O3 mixing ratios 
do not equate to high O3 production rates because of the non-
linear formation of this secondary pollutant (see Figure 9 for 
examples). Since O3 and NO2 interconvert rapidly between each 
other and form a null cycle (R1, R2 and R3 in Figure 1), changes 
in either one of these pollutants do not necessarily translate 
into changes in ozone production (see Figure 4). Furthermore, 
as a polluted air mass travels downwind of its emission source, 
O3 and NO2 concentrations continue to interconvert, and so Ox 
calculations allow the visualization of the sum of gas phase 

Figure 3: Johannesburg emissions share by sector and O3 precursor of 
total tonnage per year (CSIR and Airshed Professionals, 2019).

Figure 4: Mixing ratios of Ox (O3 + NO2) as a function of air mass 
transport of a plume containing NO, NO2 and O3. As a polluted air 
mass travels downwind of its emission source, along the x-axis, O3 
and NO2 concentrations interconvert, and so Ox calculations allow the 
visualization of the sum of gas phase oxidants. Note that point source 
increases in NO2 can also lead to increases in Ox.

Figure 2: Maps of the study area within the context of the African continent, of South Africa and the Highveld Area as well as of Johannesburg. The three 
air quality monitoring stations, Buccleuch, Delta Park and Newtown are depicted as red triangles within Johannesburg. The population density (2015) is 
represented by the color scale.
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oxidants (Figure 4). We recommend considering Ox chemistry 
for O3 pollution mitigation strategies. Through this analysis, we 
aim to better understand O3 pollution within the city to better 
characterize the pollution and its drivers, and thus inform air 
quality management. 

Methods
Description of studied area
The City of Johannesburg (CoJ) is surrounded by other populous 
cities (e.g. City of Tshwane), as well as heavily industrialized 
areas. Specifically, Ekurhuleni Metropolitan Municipality and 
Mpumalanga Province lie to the east, and the Vaal Triangle lies 
to the south (Figure 2). The southern part of Johannesburg falls 
within the Vaal Triangle Airshed Priority Area, and the Highveld 
Priority Area borders the city to the east (Figure 2). The recently 
declared Waterberg-Bojanala Priority Area is to the north and 
northeast of Johannesburg. Thus, transboundary pollution 
from these priority areas is a concern for the city.

Monitoring stations

Dataset length and availability
The hourly air quality and meteorological data from four 
monitoring sites, Buccleuch, Delta Park, Newtown and Alexandra 
(Figure 2) were acquired through the South African Air Quality 
Information Systems (SAAQIS; https://saaqis.environment.gov.
za) with permission from CoJ. O3 was measured at the Alexandra 
site from 2004 to 2008, but the data collection ended in 2008. 
Since the Alexandra time-series represented only 3.5 years of 
data, we omitted this site from our analysis. Therefore, only 
three air quality monitoring sites, Buccleuch, Delta Park, and 
Newtown, were chosen for this study for their O3 measurement 
availability from 2004 to 2011. After 2011, the data availability 
dropped significantly, and we therefore focus our analysis on 
the continuous time-series of pollutants between 2004-2011.

Relative humidity (RH) and dewpoint temperature data for the 
seasonal analysis were not available at Buccleuch, Delta Park 
or Newtown, and so we used RH, temperature and dewpoint 
temperature data from the Global Hourly Integrated Surface 
Database hosted by NOAA. We used weather data from 2004-
2011 at the nearby location of OR Tambo International Airport 
considered part of the broader CoJ metropolitan area.

Site descriptions
The Buccleuch, Delta Park and Newtown sites are influenced 
by traffic, residential, and urban environments, respectively. 
The Buccleuch site (26.0453°S; 28.0991°E) is located at the 
interchange of three major highways (4 – 6 lanes per direction), 
the N1, N3 and M1, in the northern part of the city (Figure 2). 
According to the South African National Roads Agency Limited 
(SANRAL) vehicle counts, over 146 million vehicles passed 
through the interchange in 2016, with peak volumes seen at 
either 08:00 or 16:00 (The South African National Roads Agency 
LTD, 2016). This amounts to an average daily traffic of 403 590 

vehicles per day which is comparable for major metropolitan 
areas around the world. For context, the Springfield Interchange 
on the Capital Beltway around Washington DC in the United 
States saw 430 000 vehicles per day in a 2008 estimate 
(Washington Post, 2007). Additionally, the interchange between 
Highway 401 and Highway 400 in Toronto, Canada is considered 
to be Canada’s busiest interchange, with a peak flow over 400 
000 vehicles per day in 2004 (Nikolic et al., 2005). Thus, the 
Buccleuch interchange may be considered to have particularly 
high volumes of vehicles.

The Delta Park site (26.125°S; 28.0086°E) is situated in the 
middle-class residential suburb of Blairgowrie. The station 
itself is located in a semi- to sparsely vegetated park with an 
approximately 1 km2 area. According to the South African 
National Land Cover 2018 dataset, the dominant vegetation 
types in the park are dense forest, woodland and natural 
grassland (GeoTerraImage, 2018). The nearest busy road is a four 
lane arterial road (Jan Smuts Avenue) 1.6 km to the north-east.

The Newtown site (26.2052°S; 28.0321°E) is located in downtown 
Johannesburg in the central business district at an office parking 
lot, 145 m to the east of the double decker section of the M1 
highway.

Instrumentation for trace gas analysis
O3 measurements were made with Thermo 49C UV photometric 
O3 analyzer (Thermo Fisher Scientific, Franklin, MA, USA), and  
NO, NO2 and NOx data were from measurements made with the 
Thermo 42C chemiluminescent gas analyser (Thermo Fisher 
Scientific, Franklin, MA, USA)). These instruments both use U.S. 
EPA Designated Methods and show equivalency to the South 
African monitoring standards. 

We further verified our dataset for the reported BTEX 
(benzene, toluene, ethylbenzene and xylene) interferences 
to O3 measurements (Xu et al., 2018). We conclude that this 
interference is unlikely in this study for 2 reasons. (1) BTEX 
compounds are co-emitted with CO but in our study, CO was 
anti-correlated with O3 in CoJ’s VOC-limited regime for O3 
production. In other words, the higher recorded mixing ratios 
of O3 occurred when CO, and thus BTEX, were lower, thereby 
avoiding a bias in high O3 mixing ratios due to interference. (2) 
O3 measurements at Buccleuch, the traffic site, show a clear 
photochemical diurnal profile, further supporting the validity of 
the O3 measurements despite a high BTEX environment which 
would likely have peaked during morning and evening traffic 
(see CO diurnal profile in Figure 8A).

We also note that alkyl nitrates, such as peroxyacetyl nitrate 
PAN, and HONO were also likely measured by the NOx analyzer, 
and thus these measurements are likely an overestimate of NOx 
(Wooldridge et al., 2010). Meteorological measurements at each 
site included wind speed, wind direction, temperature, relative 
humidity, solar radiation and atmospheric pressure data, 
although at times these datasets were incomplete. Buccleuch 
and Newtown also had available intermittent CO data measured 
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by a Thermo Model 48C CO analyser. Finally, Buccleuch had 
incomplete BTEX data and it was deemed unusable for data 
analysis. This study looks at the available data from July 2004 
to December 2011, after which time, the data completeness 
decreases dramatically and thus is unreliable.

Data analysis

Data quality control
These monitoring stations are intended to be continuous; 
however numerous issues relating to instrumentation errors, 
technical problems and power-failures have resulted in 
incomplete datasets throughout the 2004-2011 study period. 
Although the data can be publicly requested, we unfortunately 
do not have access to instrument logs, logbooks or flagged data. 
Consequently, our data quality control focused on obvious 
invalid data such as multi-day identical values (unrealistic for 
short lived species), negative values (nonsensical) and infinity 
values (“inf”, nonsensical).  Note that we did first look for baseline 
drifts which could have occurred due to lack of calibrations, but 
there was no obvious drift to account for (see Figures S1 and S2). 
The hourly concentrations were rounded to the nearest integer 
for O3 and NOx, and to the nearest tenth of a decimal for CO.

To further substantiate the data quality control analysis, diurnal 
plots for all pollutants were generated with raw versus quality 
controlled data, to ensure no significant differences were 
introduced during our quality control. For example, diurnal 
profiles of CO at Buccleuch showed no difference in mean, 
concluding that our quality control methods have not altered 
the overall dataset (Figure S3). 

Data completeness
Data completeness varied between years and months but did not 
show a significant difference between weekdays and weekends. 
Furthermore, no clear difference in data completeness was 
observed between seasons and hours of the day, indicating that 
despite incompleteness, the quality-controlled data showed 
good representativeness. In all, data availability over the 8-year 
period across sites binned hourly ranged between 58.8–77.3% 
for O3, 54.3–64.1% for NOx and 40.5–66.4% for CO, all with 
standard deviations of less than 5.2% (Table S6).

Statistical analysis
The quality-controlled datasets were checked for normal 
vs lognormal distributions. All inspected pollutant data 
showed lognormal distribution, indicating that the data was 
skewed to lower concentrations, which is typically observed 
in environmental and air quality observations (Limpert et al., 
2001). Indeed, high values were observed, although at lower 
frequencies. Diurnal cycle plots are used to demonstrate daily 
profiles of O3 and its precursors.

Statistics for the seasonal analysis were conducted in R using the 
Simple linear regression method, with the lm() function from the 
stats package. We report R2 values of the regression models for 
quantifying how much variability of the monthly mixing ratios 

of the trace gases can be explained by the change of time. We 
also report the p-values of the trend slopes, with p-value < 0.01 
considered to represent a significant trend.

We attempted to look at trends in O3, NO2 and Ox over our study 
period, but the dataset is too short to draw conclusions (Figure 
S11).

Air quality exceedance calculations
O3 and NO2 exceedances were calculated based on the NAAQS 
for South Africa. An O3 exceedance is an 8-hour running average 
concentration above 61 ppbv, with an annual allowance of 
11 hourly exceedances. The prescribed O3 exceedance is not 
limited to one exceedance per day, like the WHO (World Health 
Organization, 2021) and US EPA standards (US EPA, 2020), but 
rather any 8-h running average that exceeds 61 ppbv. Therefore, 
multiple exceedances per day can occur in South Africa. NO2 
exceedances are defined as those above 106 ppbv and 21 ppbv 
for hourly and yearly averages, respectively. 88 NO2 hourly 
exceedances per year and zero NO2 yearly exceedances are 
allowed by the NAAQS.

H2O concentrations calculations
The partial pressure of H2O was calculated using the dew point 
temperature as input into the Tetens equation (mbar):

The saturation vapour pressure of H2O was also calculated using 
the ambient recorded temperature within the Tetens equation 
and subsequently converted into H2O partial pressure using the 
RH data. Both methods corroborate the partial pressure of H2O. 
The concentration of H2O was then calculated using:

where Av is Avogadro’s number, R is the gas constant and T is the 
ambient temperature in K. H2O concentrations are reported in 
molecules/cm3.

Data analysis software
Finally, plots were generated using either R version 3.4.1 or IGOR 
version 7. 

Results and discussion
O3 exceedances in Johannesburg
O3 mixing ratios from three air quality monitoring sites show 
exceedances according to South Africa NAAQS (Figure 5). The 
number of yearly O3 exceedances from 2004-2011 at Buccleuch, 
Delta Park and Newtown ranged between 0 – 121, 20 – 427 and 
6 – 75, respectively, out of a possible 8 760 hours (Figure 5 and 
Table S1). Note that since NAAQS exceedances are calculated on 
an hourly basis in South Africa, multiple exceedances per day are 
possible. Because of variable data completeness, the number 
of O3 exceedances likely represent a lower bound (Figure 5). 
Clearly, CoJ has a substantial and quantifiable ground-level O3 
pollution problem, particularly at Delta Park.
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There are clear differences in the number of O3 exceedances per 
site. O3 exceedances occurred at Delta Park every year, with 478 
recorded exceedances in 2005. Delta Park is a residential site and 
was initially intended to be an urban background site, however, 
it clearly experiences the highest O3 pollution, concurrently with 
lower NOx concentrations. On the other hand, at Buccleuch, a 
heavily traffic influenced site, few annual O3 exceedances were 
observed. This low frequency of exceedance at Buccleuch is 
attributed to NO titrating O3 mixing ratios through Reaction 3 in 
Figure 1. At Delta Park, this titration does not occur to the same 

extent, leading to higher O3 mixing ratios. Newtown is an inner-
city site near a busy road and experiences O3 exceedances near 
the NAAQS; however not as many as at Delta Park. Of note, a 
concerning sustained high O3 pollution period occurred at Delta 
Park from September to October 2005 (Figure 6, Table S1). 8-h 
running average O3 exceeded the 61 ppbv set by NAAQS, 51 out 
of 61 days during the spring of 2005 (Figure 6). Delta Park is in a 
residential area within Johannesburg, and we expect these high 
O3 mixing ratios had non-negligible effects on the health of the 
residents in the spring of 2005.

Figure 5: Number of O3 exceedances per year at Buccleuch, Delta Park and Newtown over the study period. The O3 exceedances were calculated using 
8-h running averages of O3 at each monitoring station. The data completeness percentage is plotted as the grey bars and helps interpret the number of 
exceedances.

Figure 6: Time series of 8-h running average of O3 mixing ratios at Delta Park from September-October 2005 during an excessively high O3 pollution 
period. Red line represents the South African NAAQS. The 2015 US EPA standards (70 ppbv as the fourth-highest daily maximum 8-hour concentration, 
averaged across three consecutive years) and 2021 WHO guidelines (100 µg/m3, or 50 ppbv, 8-hour daily maximum) are presented as references.
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CoJ is not the only city in South Africa to experience large 
numbers of O3 exceedances of the NAAQS. At the Marikana 
monitoring station located in a mining area northwest of CoJ, 
O3 exceedances of NAAQS more than 322 times per year were 
measured between February 2008 and May 2010 (Venter et al., 
2012). These exceedances were attributed to regional air masses 
bringing O3 precursors to the monitoring site. In the Mpumalanga 
Province monitoring sites in the Highveld Priority Area (see 
Figure 2), annual O3 exceedances across five sites for 2012-2014 
were between 17-761 per year (Lukey, Peter et al., 2011). The 
Vaal Priority Area also experienced notable exceedances over 
the period of  2007-2017, but were not numbered (Govender 
and Sivakumar, 2019). This large number of exceedances in the 
areas surrounding Johannesburg highlights that O3 pollution is 
an issue across the region. 

NO2 exceedances in Johannesburg
Newtown and Buccleuch have high exceedances of the NO2 
annual NAAQS (21 ppbv), with yearly averages of NO2 mixing 
ratios up to 49.7 ppbv and 42.3 ppbv, respectively, over the 
8-year study period (Figure 7 and Table S2). The available data 
ranged from 0% to 96% completeness, and thus is important 
to consider when analysing the annual averages and number 
of exceedances calculated (Figure 7). Nonetheless, Buccleuch 
and Newtown appeared to consistently exceed the annual 
NAAQS for NO2, whereas Delta Park showed no exceedances in 
NO2 regardless of the data fraction available. Since the lifetime 
of NO2 in the boundary layer is relatively short (approximately 
6 hours in summer time), it is often co-located with its sources, 
which in this case are majorly traffic emissions (see Figure 3) 
(Pusede et al., 2015).

Diurnal profiles of O3, NOx and CO
Hourly diurnal profiles of O3, NOx and CO display strong time-
of-day dependence at the sites (Figure 8 and refer to Tables 
S3, S4, S5 and S6). O3 peaked in the afternoon as expected, 
coinciding with peak solar irradiance necessary for its 
photochemical production. The lowest O3 mixing ratios were 
recorded during morning rush hour around 7:00AM, concurrent 
with high NO traffic emissions titrating O3 from R3 in Figure 1 
(Figure 8). Increasing O3 mixing ratios overnight were perhaps 
due to the entrainment of residual O3 above the shallow 
nocturnal boundary layer. O3 mixing ratios were consistently 
anti-correlated with traffic emitted NOx, as expected from the 
formation mechanism of O3 from the photolysis of NO2 (R1 and 
R2 in Figure 1). At all sites, the evening peak in NOx coincided 
with slightly higher NO2, indicative of a shallower boundary 
layer trapping pollutants and/or of a change in emission 
sources. Despite these similarities, Buccleuch, Delta Park and 
Newton had important differences in diurnal profiles of these 
criteria pollutants.

Buccleuch’s diurnal profile showed remarkably high NOx mixing 
ratios, peaking around 250 ppbv every morning from traffic 
emitted NO (Figure 8A). Over 400 000 vehicles pass by the 
Buccleuch interchange on average per day (See Figure S10 for 
diurnal variation in hourly traffic counts) (The South African 
National Roads Agency LTD, 2016). NO clearly remains the major 
component of NOx throughout the day as expected for this traffic 
site (Figure 8A). Furthermore, the CO/NOx ratio is slightly lower 
in the evening from 7:00 PM to 11:00 PM, indicating a change 
in source emissions from traffic to other types of incomplete 
combustion sources (Figure 8A). In addition, domestic coal 

Figure 7: Annual average NO2 per year, indicating years in exceedance of the NAAQS at Buccleuch, Delta Park and Newtown over the study period. The 
yearly NO2 averages were calculated using hourly NO2 data from each monitoring station. Data completeness percentage is plotted as the dark grey bars 
and helps interpret the number of exceedances.
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combustion in nearby low-income settlements for cooking and 
heating could be contributing to the nighttime (from 11:00 PM to 
5:00 AM) increased ratio of CO/NOx at Buccleuch.

Delta Park O3 mixing ratios are distinctively high with an average 
of 48 ppbv at 2:00 PM over the 8-year period (Figure 8B). Lower 
NOx mixing ratios contribute to higher O3 levels at Delta Park, 
because less O3 titration is occurring (R3). Of note, the morning 
rush hour peak of NOx at this station saw similar contributions 
from NO and NO2, suggesting localized NO traffic emissions are 
low, reaching only 25 ppbv in the morning (Figure 8B). Average 
O3 mixing ratios peaked an hour later at Delta Park in comparison 
to the other stations. We hypothesize that in the presence of less 
NOx compared to Buccleuch and Newtown, O3 production can 
peak later in the day at Delta Park (Figure 8).

Air pollutants at Newtown have intermediate mixing ratios 
between Buccleuch, a highly traffic influenced site, and 
Delta Park, a residential site  (Figure 8). Newtown is located 
in downtown CoJ in an office parking lot, and experiences 
influences from medium to heavy traffic on the M1, 145 m to the 
west and light traffic from the immediate street. The morning 
rush hour signal at Newtown is similar in timing and composition 
to Buccleuch’s, albeit in lower absolute concentrations (Figure 
8). Newtown’s diurnal profile also supports intermediate 
exceedances in both O3 and NOx (Figure 5 and S1). Finally, CO 
mixing ratios follow an anthropogenic emission profile related 
to traffic emissions similar to Buccleuch. 

Ox (NO2 + O3) chemistry to estimate O3 
production
The observed anticorrelation between O3 and NO2 in Figure 
8 is difficult to interpret due to the dual role of NOx (1) as an 
O3 precursor (R1 and R2 in Figure 1) and (2) as a temporary 
O3 reservoir (R3 in Figure 1). In other words, since O3 and NO2 
interconvert rapidly between each other and form a null cycle 
(R1, R2 and R3 in Figure 1), increases in O3 are not necessarily 
proportional to chemical O3 production (Figure 4). Nonetheless, 
mitigation of regional O3 pollution depends strongly on 
controlling and understanding O3 production rates (Geddes 
et al., 2009). We therefore use Ox as the sum of NO2 and O3 to 
address this rapid interconversion and, assuming negligible 
direct sources of NO2, we can use changes in Ox over time as a 
proxy for chemical O3 production from VOC oxidation (R4 and R5 
in Figure 1 and Figure 4) (Clapp and Jenkin, 2001; Mazzeo et al., 
2005; Sokhi et al., 2021).

The multi-year average diurnal profile of Ox is different at each 
location (Figure 9). During daytime, we can assume that the 
rise in Ox is solely driven by chemical O3 production, since NO2 
mixing ratios are relatively constant (Figure 8). We can therefore 
approximate average O3 production rates from the change in 
Ox over time (∆[Ox]/∆t). In other words, the steeper the slope of 
the Ox between 8:00 AM and 1:00 PM, the faster the rate of O3 
production (Figure 9). At Buccleuch, Delta Park and Newtown, 
the estimated multi-year average O3 production rates were 
3.3 ppb h-1, 3.5 ppb h-1 and 2.7 ppb h-1, respectively from 2004 
to 2011 (Figure 9). We hypothesize that at the traffic site, there 

must be high VOC reactivity to drive high O3 production rates 
in the presence of peaks of 250 ppbv of NOx (Figure 8). We can 
further infer that the oxidative capacity at Buccleuch is highest.

Weekend O3 effect and evidence of a VOC-
limited regime
At all three sites, higher O3 mixing ratios were observed 
during the weekend, a previously documented observation 
in cities termed the “weekend effect” (Figure 10) (Murphy et 
al., 2007, 2006). During the weekend, lower NO mixing ratios 
are reported at Newtown (blue arrow in Figure 10), concurrent 
with higher O3 mixing ratios (red arrow in Figure 10). Govender 
and Sivakumar, (2019) also noticed that O3 mixing ratios were 
higher on Saturdays and Sundays in the Vaal Priority Area. This 
observation at the same site may be evidence of a VOC-limited 
regime for O3 production, but requires accounting for a decrease 
in the temporary titration effect of near-field NO sources. 

Figure 8: Multi-year averaged diurnal profiles at Buccleuch (A), Delta 
Park (B) and Newtown (C) with available data presented in Figure 5 
and S1. Of note, axes on the three graphs are set to identical values for 
comparison. Standard deviations are not included here for clarity, but 
are presented in Tables S3, S4 and S5 for Buccleuch, Delta Park and 
Newtown, respectively. The data completeness for this figure is presented 
in Table S6 and shows consistent data availability throughout all the 
hours of the day. The data points are presented at the half hour as the 
average of the full hour.
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We looked at Ox (NO2 + O3) diurnal profiles during the weekday 
and weekend at Newtown as a proxy for O3 production rates. 
Interestingly, Ox mixing ratios are lower on weekends than on 
weekdays by 8 ppbv (grey arrow in Figure 10). Assuming that 

VOC reactivity is not strongly dependent on day of the week 
(given local emissions are dominated by household activities 
as seen in Figure 3), this weekend Ox decrease can be explained 
by two scenarios. First, O3 production rates in the region are 

Figure 9: Multi-year average Ox diurnal profiles as a function of time-of-day for each sites provides the rate of change of Ox, which can be used to 
approximate O3 production rates. The peak Ox production in the springtime is earlier and steeper than the multi-year average, which also includes 
springtime data. P(Ox) is estimated to be equivalent to P(O3) during the linear increase between 8:00 AM and 1:00 PM.

Figure 10: O3 (in red), NO2 (in blue) and Ox (in grey) data at Newtown over the study period plotted as a function of day and separated into weekday 
(crosses) and weekend (triangles) diurnals. Ox is shown to highlight the absence of a titration mechanism. We conducted this analysis for Newtown only 
for consistency with our O3 production analysis in Section 8.



38CLEAN AIR JOURNAL 
Volume 33, No 1, 2023

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

NOx-limited, leading to Ox decreasing with decreasing in NOx 
emission. Or second, there is a significant direct source of NO2 
in the NOx emissions which confound the use of Ox as a proxy for 
O3 production. In the following section, we use a mathematical 
model to argue that O3 production rates in this region are highly 
VOC-limited and we therefore reject the first scenario. The most 
likely culprit for the weekend Ox behaviour is direct emissions 
of NO2 from diesel fuels (Carslaw, 2005). In situations of NO2 
direct emissions, we advise caution in interpreting Ox changes 
over time as indicative of O3 production rates. It is noteworthy 
that the weekend effect analysis which looked at changing O3 
and NO2 mixing ratios, provided insight into likely NO2 direct 
emissions at Newtown. 

Seasonality of O3
O3 mixing ratios displayed a clear seasonality in CoJ (Figure 11), 
consistent with findings from the 2000 SAFARI field campaigns 
(Swap et al., 2002a) as well as from sites in north-eastern South 
Africa (Govender and Sivakumar, 2019; Laban et al., 2018). 
Buccleuch, Delta Park and Newtown experienced the highest 
ground-level O3 mixing ratios in the springtime, and notably 
the highest values were recorded at Delta Park (Figure 11). The 
seasonality of NO at all sites peaked in the wintertime, consistent 
with a shallow winter boundary layer and increased burning of 

domestic fuel for heating (Figure S6). NO2 mixing ratios did not 
have as clear of a seasonality, although they peaked slightly 
during the wintertime (Figure S7). However, the magnitude 
of the NO2 mixing ratios is different between each site with 
implications for O3 production (Figure 8, S7, S8 and S9). Indeed, 
Ox mixing ratios also peaked in the spring at all sites (Figure S9), 
indicative of higher O3 production rates.

We also isolated average springtime Ox mixing ratios as a 
function of time-of-day to estimate changes in O3 production 
in the spring (Figure 9). Clearly, springtime Ox increased at all 
stations and during each hour of the day compared to annual 
means (Figure 9, dashed lines). At Buccleuch, Delta Park and 
Newtown, the average estimated O3 production rates from the 
calculated instantaneous Ox production rates during the spring 
are 4.8 ppb h-1, 3.7 ppb h-1 and 3.1 ppb h-1, respectively (Figure 
9). These values are all higher than the calculated P(Ox) values 
using the data from all seasons, indicating that O3 production 
rates may be faster in the spring. Springtime O3 highs are 
therefore consistent with (1) increased O3 production and with 
(2) increased Ox even during the nighttime.  The following 
section explores potential mechanisms leading to increased O3 
production rates.

Research article: Tropospheric ozone pollution in Johannesburg, South Africa Page 9 of 16

Figure 11: Box and whisker plots of monthly O3 mixing ratios at Buccleuch, Delta Park and Newtown as well as monthly H2O concentrations at OR Tambo 
airport, colour coded by season where blue is summer (DJF), red is autumn (MAM), grey is winter (JJA) and green is spring (SON). The line is the median 
and the box limits show the 25th and 75th percentile and the lower and upper whiskers the 1st and 99th percentile. Corresponding monthly and seasonal 
solar irradiance data, although with incomplete datasets for Delta Park and Newtown, show an austral springtime and summer maxima, indicating that 
solar irradiance is not the only driving factor in the clear springtime O3 high in Johannesburg (Figure S5).
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Mechanism for springtime increased O3 
production rates and the role of RH
High O3 mixing ratios in the spring over CoJ may be attributed 
to meteorological effects, such as solar irradiance, relative 
humidity, temperature, stratospheric intrusions, etc. In addition 
to enhanced photochemical production, large synoptic effects 
may also impact springtime O3 in CoJ by bringing in air masses 
with different precursors, such as biomass burning events (Laban 
et al., 2018; Swap et al., 2002b). In comparison to South Africa, 
North American and European cities have documented peak 
seasonal O3 in summertime correlated to peak solar irradiance 
(Petetin et al., 2018; Pusede et al., 2015). Peak summertime 
O3 across the United States has also been shown to correlate 
with low relative humidity through a mechanism involving dry 
deposition to leaf stomata (Kavassalis and Murphy, 2017). On the 
other hand, springtime O3 has recently been shown to correlate 
with relative humidity in the interior of South Africa (Laban et 
al., 2020). Finally, there is evidence of springtime O3 highs in 
the western US due to stratospheric intrusions of high altitude 
cites (Lin et al., 2012). There is the possibility that springtime O3 
caused by stratospheric O3 intrusions could also be relevant for 
CoJ, which lies on the Gauteng plateau at 1750 m a.s.l. Mkololo 
et al., (2020) identified these phenomena using sonde data at a 
site approximately 30 km northeast of Delta Park, indicating the 
potential of O3 intrusions in CoJ. Here, we further explore the 
mechanisms behind the seasonality of O3 with data available at 
the monitoring sites.

CoJ has a dry winter season and a wet summer season, 
although summertime cloud cover often occurs in the evenings 
accompanied by thunderstorms. We had access to solar 
irradiance (Figure S5) and temperature at Buccleuch, Delta Park 

and Newtown as well as dew point temperature data from a 
nearby location which we used to calculate H2O concentrations 
(Figure 12) to investigate a seasonal meteorological effect on O3.

Minor role of solar irradiance and temperature
The seasonality of the solar irradiance shows that springtime 
irradiance is similar to summertime, and slightly higher than 
in wintertime (Figure S5, where the Buccleuch data is the most 
complete and reliable). This observation suggests that increased 
irradiance is not the primary driver of increased O3 mixing 
ratios in the spring. Furthermore, O3 exceedances at Buccleuch 
were not found to correlate with temperature (Figure S4), and 
thus temperature is unlikely to be responsible for seasonal O3 
variability (Wilkinson et al., 2012).

Intermediate role of O3 precursor emissions
Next, we considered O3 precursor emissions. Veld fires 
are common during the dry winters in CoJ and emit large 
concentrations of aerosols (Hersey et al., 2015; Segakweng et 
al., 2022). In fact, biomass burning has been identified as the 
instigator for high O3 events such as those over Pretoria 12 
Sept 1985 (Pillay et al., 1994) and in the Vaal Priority Area on 
2 June 2013 (Feig et al., 2014). There is also recent evidence of 
an aerosol-inhibited regime where O3 mixing ratios are reduced 
due to heterogeneous chemistry (Ivatt et al., 2022). Particulate 
matter concentrations in CoJ are highest in the wintertime 
(Hersey et al., 2015) concurrently with the lowest O3 mixing 
ratios and thus this aerosol-inhibited mechanism would be 
worth exploring for South Africa. However, if biomass burning 
was responsible for increased O3 production, we would have 
expected the seasonality of O3 to start peaking in mid-winter, 
which is clearly not observed. So why is the onset of high Ox and 
high O3 only in August-September?

Figure 12: Timeseries of 3-day running means of O3 mixing ratios at Buccleuch, Delta Park and Newtown as well as H2O concentrations at OR Tambo 
airport (JNB) east of CoJ. The H2O concentrations were calculated using the dew point temperature reported hourly at OR Tambo airport in the broader 
Johannesburg area to the east of the three stations. The H2O concentrations were also corroborated by the RH and T data at the same station. There is 
a remarkable connection between the onset of increasing H2O concentrations in the late winter and high O3 mixing ratios, highlighted by the springtime 
green shaded regions.
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Major role of H2O concentrations
We found the most interesting meteorological phenomena in 
the H2O data, where the H2O concentrations drop by a factor 
of 6 in the springtime (Figure 12). We used RH and dew point 
temperature data from OR Tambo International Airport situated 
just east of the CoJ, and available by the Global Hourly Integrated 
Surface Database hosted by NOAA. CoJ experiences dry winters, 
with seasonal H2O concentrations dropping to ~5 x 1016 molec/
cm3 in August (Figure 12). Since water vapour is necessary for 
OH radical production and consequently for the initiation of VOC 
oxidation leading to O3 formation, it is likely that wintertime O3 
production is suppressed by slow initiation chemistry. To verify 
this hypothesis, we estimated the production of HOx (P(HOx)) 
radicals using Eq.1 (see SI), and subsequently used this value 
to estimate OH radical concentrations (Eq. 2 in the SI) (Figure 
13). The calculation of OH radicals require CO and NO data and 
so we did this analysis for the Newtown station only, using the 
H2O concentrations from OR Tambo. We find a clear correlation 
between the onset of P(HOx), the increase in OH radicals and the 
increase O3 in the spring (Figure 13).

Therefore, despite the presence of VOC and NOx precursors, 
low O3 production rates occur in the wintertime due to the low 
oxidative capacity, including low OH radical concentrations, 
of the atmosphere to initiate VOC oxidation and to drive R4 
in Figure 1. However, when the first spring rain events occur 
in September, and average H2O concentrations increase, the 
rate of R4 increases, kickstarting O3 production rates. All the 
necessary precursors are then present and abundant; VOC and 
NOx concentrations are high in the wintertime polluted shallow 
boundary layer, and facilitate radical chemistry propagation 
leading to O3. Thus, we suggest that springtime O3 production 
rates increase in CoJ because of sharp increases in RH in the 
spring, leading to increases in OH radical products and thus to 
increases in radical initiation rates (R4 in Figure 1).

Laban et al., 2020 observed an anti-correlation between RH and 
O3 by Pearson correlations over the year at sites in the interior of 
South Africa. In our dataset, RH and O3 are also anti-correlated 
(Figure S12). We further emphasize the importance of measuring 
H2O concentrations rather than RH in order to estimate P(HOx).

Conclusion and outlook
Exceedances
We conducted a study on ground-level ozone (O3) and its 
precursors in the City of Johannesburg looking specifically at 
three different sites, Buccleuch, Delta Park and Newtown, in 
traffic-, residential- and urban-influenced areas, respectively, 
from 2004-2011. O3 and NO2 yearly exceedances showed inverse 
correlations; stations with large O3 exceedances showed low 
NO2 exceedances and vice versa. Indeed, Delta Park station is 
located furthest away from NO point emissions in a residential 
area and experienced a high number of O3 exceedances. A clear 
weekend effect was also observed at all locations where NOx 
concentrations, associated with transport, were significantly 
reduced by up to 80 ppbv on weekends, which led to higher 
O3 mixing ratios. The hourly continuous data of O3 mixing 
ratios presented in this study are informative for potential 
health impacts of O3 pollution in South Africa, an impact only 
qualitatively captured by previous monthly passive sampling 
data.

VOC-limited regime
The air quality monitoring data at the three distinctively different 
sites suggest a VOC-limited regime for O3 production across the 
entire city. Identifying Johannesburg’s O3 production rate and 
regime allows us to speculate on the most effective mitigation 
strategies for air quality. Reducing NOx concentrations by 
mandatory catalytic converters on engine exhausts for example 
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Figure 13: Timeseries of 30-day running means of O3 and of estimates of P(HOx) based on H2O concentrations. The shaded green areas indicate 
springtime (SON).
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would in fact increase O3 production kinetics (assuming CO and 
VOC emissions are unaffected) near the highways. Rather, a 
more effective short-term strategy in reducing O3 in the city may 
be to reduce anthropogenic CO and VOC emissions. Yet, VOC 
measurements in Johannesburg do not exist in the literature; a 
clear gap to be addressed for effective air quality management 
in Johannesburg. Decreasing VOC emissions alongside NOx 
emissions would lead to a more effective strategy to reducing O3 
production in Johannesburg. As the urban plume moves further 
away from CoJ, less NO2 will be converted to NO and thus less 
O3 will be formed (R1 in Figure 1). Additional measurements at 
rural receptor sites in the City’s outflow are needed to improve 
our understanding on the City’s regional impact.

Springtime O3 and the role of H2O
We are proposing that increases in H2O concentrations during 
the first springtime rains in CoJ initiate spring-time ozone 
air pollution episodes. Radical chemistry is slow during dry 
winters despite the presence of O3 precursors such as VOCs 
from biomass burning and NOx from traffic emissions in a low 
boundary layer. There is a clear correlation between the onset 
of rainfall in CoJ and the onset of P(HOx) production (Figure 
13), despite the presence of an anti-correlation between RH 
and O3 as observed here (Figure S12) and by Laban et al. 2020. 
We therefore hypothesize that changes in climate in CoJ in 
a warming future could lead to significant changes in ozone 
pollution in CoJ and in South Africa.

In all, this study further highlights the importance of long-term 
monitoring data in general to better understand and hence 
address air pollution in the hope of improving air quality, and 
human exposure to airborne pollutants.
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Review article 
Establishing a baseline of published air pollution 
and health research studies in the Waterberg-
Bojanala Priority Area

Introduction
In September 2021, the World Health Organization (WHO) 
released revised ambient air quality guidelines (AQGs) which are 
more ambitious than those proposed in 2005 (WHO, 2006; WHO, 
2021a). Based on the latest scientific evidence, the new AQGs 
reinforce the need for urgent action to address air pollution 
and improve the health and wellbeing of people, especially for 
vulnerable populations. Around 90% of the global population 
is exposed to air pollution at concentrations above the WHO 
AQGs (DFFE 2019). Globally, there are an estimated 7.4 million 
premature deaths from air pollution exposure every year (WHO 
2021b; WHO 2022).

Air pollution is a longstanding environment and health problem 
in South Africa (DFFE 2019). There are numerous sources of 
air pollution including from coal-fired power stations, mines, 
industry, residential burning of fuels, vehicles, biomass burning 
/ veld fires and unpaved roads (DEA 2014). These emissions 
have environmental and health impacts, hence a network to 

monitor criteria pollutant concentrations is run to monitor air 
quality around the country. These concentrations are compared 
with the South African National Ambient Air Quality Standards 
(NAAQSs) which were set to indicate what levels of exposure to 
pollution are generally “safe” for most people’s health. 

South Africa has a long history in air quality management to 
ensure all its citizens the right to a clean, healthy environment, 
officially instituted in The Constitution (RSA 1996). One of the 
mechanisms that South Africa (specifically the Department of 
Forestry, Fisheries and Environment) has implemented, is the 
declaration of air pollution priority areas. These have been 
put in place to highlight geographical areas in which elevated 
concentrations of criteria pollutants are, or could be, present and 
where the concentrations are likely to exceed the NAAQS, and 
where air quality management activities are required to address 
the air pollution problem. The Vaal Triangle Airshed Priority Area 
was declared in 2007 and the Highveld Priority Area was later 
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declared in 2008 (DEAT 2006; DEAT 2007). Several studies have 
been conducted in these two priority areas (Terblanche et al., 
1992; Zwi et al., 1990; Shirinde et al., 2014; Albers et al., 2015; 
Wright et al., 2018). The Department of Environmental Affairs 
commissioned air pollution-related health baseline assessment 
studies in each of these priority areas between 2010 and 2020. 
Results of the Vaal report have recently been written up into a 
manuscript (Phaswana et al., 2022), while the Highveld report is 
not yet publicly available.

The Waterberg-Bojanala Priority Area (WBPA) was declared as 
the third national air quality Priority Area on 15 June 2012 in line 
with the precautionary principle of the National Environmental 
Management Act (Act No. 107 of 1998) due to planned 
developments in the area (DEA 2012). The Priority Area‘s main 
emission sources are mining, industry, residential areas, motor 
vehicles and biomass burning (DEA 2014). The WBPA Air Quality 
Management Plan: Baseline Characterisation Report describes 
the state of air two years after the Priority Area was declared. 
The report listed twelve government-owned ambient air 
quality monitoring stations and two industry-owned stations. 
Sulphur dioxide (SO2), nitrogen dioxide (NO2) and benzene 
(C6H6) concentrations were deemed to be relatively low in the 
Priority Area. While the concentrations of particulate matter 
(PM10 and PM2.5) were also generally low, there was evidence of 
exceedances of the both the annual and the daily 2015 and 2016 
NAAQS, respectively (DEA 2014).

The report also identified important gaps in knowledge (DEA 
2014, p141) for example - 

‘...health impacts as a result of air pollution in the Waterberg-
Bojanala Priority Area are not understood and therefore not 
prioritised’ … ‘There is no health baseline with respect to air 
pollution in the WBPA and ecological impacts are not understood, 
i.e., with modelling and monitoring, efforts focus on industry, 
mining and residential fuel burning. Emissions from small boilers, 
biomass burning, waste management and transport were 
excluded…’  and ‘There is generally a poor understanding of air 
quality and potential impacts on human and ecological health…’

According to the District Health Barometer published in 
2019/2020 (Massyn et al., 2020), many of the leading causes of 
death (e.g., respiratory diseases, preterm birth complications, 
cerebrovascular disease, hypertensive heart disease and even 
diabetes) listed in the WBPA District Municipalities have been 
linked to air pollution exposure in previous research studies 
around the world (Burkart et al., 2022; Stafoggia et al., 2022).

More research is needed on the health impacts of air pollution 
in the WBPA. To the best of our knowledge, no study has drawn 
together the peer-reviewed evidence reporting on air pollution 
(ambient and / or household air pollution) and health outcomes 
associated with exposure to air pollution in the WBPA. The aim 
of this study was to conduct an umbrella review of published 
literature to fill this gap and to present evidence to inform future 
studies. 

Methods
Study area
This study’s geographical area of focus is the WBPA, and the 
provinces within which it falls i.e., North West Province and 
Limpopo Province. Figure 1 illustrates the location of the WBPA 
in South Africa, in relation to the two other Priority Areas. 
It includes parts of North-West and Limpopo Provinces and 
covers an area of about 67 000 km2 and comprises two District 
Municipalities (i.e., Waterberg and Bojanala) and nine Local 
Municipalities (i.e., Thabazimbi, Modimolle, Mogalakwena, 
Bela-Bela, Mookgopong, Lephalale, Moses Kotane, Rustenburg 
and Madibeng) (DEA 2014).

Ambient air quality monitoring network
The South African Air Quality Information System was used 
to identify the location (in the form of GPS coordinates) of all 
ambient air quality monitoring stations located in the WBPA that 
reported to SAAQIS at the time during which this manuscript 
was conceptualised and written. Knowing where ambient air 
pollution is measured on the ground helps us identify areas 
in which ambient air quality standards are not being met, and 
consequently where air pollution exposure may be harmful 
to the health of humans and biodiversity. Though ambient 
air quality monitoring stations are sparsely located, and their 
position is mainly focused on industrial air pollution hot spots, 
they are essential in helping us measure what air pollution 
concentrations people on the ground in the WBPA may be 
experiencing. In this study, their location was referenced for 
contextual purposes to discuss the literature reviewed. 

Review methods
An umbrella review, broadly following the PRISMA guidelines 
(Moher et al., 2009), of published and peer-reviewed research 
studies considering air pollution and air pollution-related 
health outcomes and symptoms in the WBPA was conducted. 
Health was considered broadly to include health and well-being 
(including mental health, for example).

Table 1: Search strategy applied to retrieve published articles reporting on air pollution (ambient and  / or household) AND respiratory health outcomes 
associated with exposure to air pollution in (or near to, i.e., in North-West or Limpopo Provinces) the Waterberg-Bojanala Priority Area.

Term Group 1 Term Group 2 Term Group 3 Combinations

Air pollution OR air quality AND Health OR Respiratory health OR 
respiratory health outcomes AND

Waterberg OR Waterberg-Bojanala 
OR Bojanala OR North-West OR 
Limpopo

Term from Group 1 plus Term from 
Group 2 plus Term from Group 3 
until all combinations exhausted
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The following databases were searched for articles published 
up until 31 August 2022: Pubmed, Web of Science, ScienceDirect 
and Google Scholar. The term groups listed in Table 1 were 
used for the separate searches and in various combinations. 
The reference lists of included papers were searched to ensure 
no studies were omitted. Over and above this, the Clean Air 
Journal’s archives from all articles available online to 2022 were 
systematically checked for applicable studies which may have 
been missed in the systematic online search. This was done 
as the CAJ was deemed most likely to have published studies 
relevant to the aim of this study. 

Any studies which took place outside of these geographical 
areas (Table 1, column 3) and were not written in English were 
excluded. Municipality-specific Air Quality Management Plans or 
Specialist Air Quality Reports, which were conducted as part of 
Environmental Impact Assessments, were not included, as these 
do not fall under peer-reviewed and published research articles. 
All epidemiological study designs were considered and there 
was no limit set for the number of studies included. 

Once studies which met our broad search criteria were identified, 
these were classified as “inside” or “outside” the WBPA and as 
“having conducted” or “not having conducted” a health-related 

study. Indirect health assessments, defined as studies which 
only evaluated their air quality findings against the NAAQS or the 
WHO Guidelines, but which did not consider actual health data, 
were not classified as “health studies”. Results are discussed 
descriptively. 

Results
Sample description
A total of 51 studies in North-West Province and 18 studies in 
Limpopo Province were identified as eligible for inclusion in the 
study (see Table 2 and Supplementary Material). Over and above 
this, there were three studies, where the geographical scope of 
the research included both provinces. 

Based on the search criteria, 72 studies were identified. Of 
these 72 studies, 58 were located in the WBPA, and most of 
these studies were based in North West Province (Figure 1). A 
fifth of the identified studies included health outcomes in their 
scope. Only seven studies were both located in the WBPA and 
considered health outcomes in their research objectives and 
findings. 

Figure 3: Spatial overview of “air quality” and “air quality and health” studies in and around the Waterberg-Bojanala Priority Area, Limpopo and North 
West Province
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Studies and study findings
Many studies were conducted around large industrial centres 
(in particular, in Rustenburg and surrounds) where major 
industrial activities, mining and power generation occur and 
where ambient air quality monitoring stations are located 
(Figure 1). Many air quality studies were also conducted in the 
Welgegund measurement site, approximately 25km north-west 
of Potchefstroom. 

Overall, the air pollution-related parameters which were 
measured across the studies spanned all primary pollutants 
(PM10, PM2.5, SO2, NO2, O3 and CO) and considered ambient, indoor 
and personal air pollution levels (See Supplementary Material). 
Particulates were measured especially frequently in study sites 
closest to mining activities (e.g., in Rustenburg, see Kgabi et 
al., 2006) and power generation activities (e.g., Langerman 
and Pauw 2018). Air pollutants were not only measured using 
in situ air quality instruments, but they were also modelled 

using a Land Use Regression Model (Simelane and Langerman 
2020), as well as dispersion modelling tools (Bryszewski and 
Visser 2004; DEA 2014; Tshehla and Wright 2019). Remote 
sensing and satellite data were also used to identify air quality 
concentrations for various pollutants (Barnes 2015). Amongst 
the monitored gaseous pollutants, over and above the primary 
pollutants mentioned, were TVOCs (BTEX), H2S, CO2 and non-
methane hydrocarbons. 
 
A combination of health outcomes and symptoms were 
considered in relation to air pollution exposure (See 
Supplementary Table). Most of the studies focused on respiratory 
health. This included self-reported and quantitatively measured 
health parameters. Asthma was the most frequently considered 
respiratory health outcome (Zwi et al., 1991; Cairncross and 
Kisting 2016; Njoku et al., 2019; Kapwata et al., 2021). One 
study considered psychological consequences and responses 
associated with air pollution exposure (Barnwell 2021). 

Table 2: Overview of studies identified from systematic literature search

Limpopo Province North West Province Limpopo and North West Total

Total number of studies (N) 18 51 3 72

Number of studies in the Priority 
Area (n)

8 48 3 59

Studies including health in both 
provinces *

5 5 3 13

Studies including health and air 
quality in the Priority Area (n) *

2 2 3 7

Air quality “parameters”
considered in all studies re-
viewed

Smoke, Dust, Indoor PM4
Ambient PM10, PM2.5, NOx and 
BTEX, emission rates, for 
various pollutants, hydrogen 
sulphide (H2S), non-methane 
hydrocarbons (NMHCs), and 
volatile organic compounds 
(VOCs). Indoor and ambient CO, 
CO2, O3, SO2, NO2 and H2S were 
measured

Indoor PM10, Indoor PM4, Indoor 
CO, Personal CO, Ambient 
PM2.5, PM10, SO2, NO2, CO and O3 
Biogenic and anthropogenic 
VOCs, wind-blown dust, Aerosol 
optical thickness and Ångstrom 
exponent

Ambient PM2.5, Black carbon, 
Emission inventories

Details of health data collected - Respiratory health status 
(defined in terms of respiratory 
illness, past and present as well 
as self-reported respiratory 
symptoms and spirometry lung 
function tests)
- Health perceptions were 
collected via means of a 
questionnaire asking about the 
presence of breathing disorders, 
coughing and tuberculosis, 
asthma and other health issues 
- Admissions to hospitals 
for gastrointestinal illnesses 
including diarrhoea, pneumonia-
related diagnosis, malaria and 
asthma cases 
- Questionnaire (frequency of 
medical examinations) 
- Self-reported respiratory-
related health outcomes 

- Asthma in school children 
- The incidence/ community 
burden of influenza infection 
- The health risks of air pollution 
stemming from mining practices
- Self-reported results outlining 
the nuisance of dust and air 
pollution exposure near the 
mines, as well as self-reported 
health impacts which include 
asthma, sinusitis, eye problems 
- Psychological responses 
associated with air pollution 
exposure 

- Number of premature 
mortalities in South Africa (from 
coal fired power stations)
2019 population counts per ward 
were derived from the observed 
population change between 2011 
and 2019 on a district municipal 
level 
- Health data were based on 
district-level health plans 
and health barometers, 
supplemented by data from 
Arrive Alive for road traffic 
accidents and the National 
Statistics Service, including the 
latest national mortality report 
for South Africa

Note: The number of studies in the table will not necessarily represent the number of studies indicated on the map, as numerous studies may 
have taken place in the same area or in a larger area as a whole, instead of a single location (e.g., Rustenburg vs. Rustenburg Local Municipality). 
Additionally, some studies have included numerous study sites in their scope, so multiple locations on the map may indicate one study. 

* Excludes studies which explicitly assessed “health risk” by considering NAAQS compliance only (i.e., they did not measure health impacts directly) 
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Air quality and health in the WBPA
We found seven studies located in the WBPA which considered 
air quality and health (Table 3). Of these studies, four studies 
used self-reported information as the source of their health 
data. Only one study, which was published in 1991 conducted 
physical health measurements (spirometry) in combination with 
self-reports to identify associations between air pollution and 
health. Studies considered health data from existing databases/ 
research to conduct health risk assessments (e.g., Simelane 
and Langerman 2020). Only one of the seven studies physically 
measured air pollution levels as part of the study design (i.e., 
this study did not rely on existing data/data collected by third 
parties) (Zwi et al., 1991). The remaining studies either used self-
reports on air quality as proxy data or sourced their air quality 
data from pollution sources (e.g., stack emissions), existing 
ambient monitoring networks or other studies. 

Discussion
A review of the available, published and peer-reviewed literature 
of air quality-related health studies in the WBPA illustrated a 
paucity of such studies despite the WPBA having been declared 
ten years ago.

Air quality in the WBPA 
Considering the air quality findings from the reviewed material, 
several studies found that ambient air pollution levels in the 
WBPA were high and at times exceeded relevant NAAQS. High-
stack industry emissions (including from power generation 
activities) and mining activities as well as combustion activities 
in semi-formal and informal communities (including domestic 
fuel burning and waste burning activities) were most quoted as 
notable pollution sources. A principal component analysis also 
identified soil dust and traffic as abundant air pollution sources 
(Kgabi et al., 2006). 

A study conducted in an area just south-east of Rustenburg in 
North-West Province recorded an average of 322 exceedances / 
annum of the O3 8-h moving average NAAQS and an average of 
42 exceedances / annum of the daily PM10 NAAQS (Venter et al., 
2012). The remaining pollutants measured (i.e., CO, NO2 and SO2) 
did not exceed their relevant NAAQS.  High-stack emissions were 
identified as the main source of ambient SO2 concentrations, 
while household combustion from semi-formal and informal 
settlements were identified as the predominant sources of 
PM10, NO2 and CO. The influx of regional precursor pollutants 
contributed to the high O3 concentrations (Venter et al., 2012).

Similarly, in the WBPA, in Limpopo Province, Feig et al., (2016) 
conducted a study which assessed the ambient air pollution in 
Lephalale, Thabazimbi and Mokopane. Peak SO2 concentrations 
were also attributed to industrial activities, and high morning 
and evening PM peaks were attributed to domestic burning 
practices. At times, the daily PM2.5 NAAQS were exceeded. High 
O3 concentration events were associated with periods with 
strong winds from other regions (Feig et al., 2016). 

More qualitative studies focused on the visible wind-blown dust 
from mining activities in the WBPA (e.g., platinum, gold, or coal 
mining). Images of dust blowing off tailing dams in the direction 
of residential mining communities, as well as self-reports about 
dust levels in houses by dwelling occupants paint a picture that 
air quality is poor and represents a health risk in the affected 
communities. 

Though there have been studies measuring indoor air pollution 
in Limpopo and in North West Province, only one peer-reviewed 
and published research article identified here measured indoor 
air pollution levels within the WBPA (Barnes et al., 2011). The 
study considered behavioural change interventions to improve 
indoor levels of PM10 and CO in solid fuel-using households. The 
control site, in which indoor pollutants were also measured, 
was located in the WBPA. Due to indoor fires for heating and / or 
cooking, daily average indoor PM10 and CO concentrations were 
high, exceeding ‘safe’ values. 

Air pollution exposure and health in the 
WBPA
Of the two studies (Cairncross and Kisting 2016; Barnwell 
2021) which focused on the North West Province section of 
the WBPA and included air quality and health data, none 
collected empirical data for both air quality exposure and health 
outcomes to conduct a rigorous analysis of the associations 
between the risk and the health outcomes in their respective 
studies. For air pollution exposure data, these studies relied on 
self-reported responses, images or previous research findings in 
the area. The health outcomes were determined by self-reported 
questionnaire data, self-reported data gathered in focus group 
meetings and previous study findings of air pollution impacts 
on human health, including mental health. Cairncross and 
Kisting (2016) reported on the multiple health problems faced 
by those who partake in mining activities or are exposed to 
their emissions (e.g., people reportedly suffered from asthma, 
sinusitis and eye problems to name a few). Barnwell (2021) 
highlights the severe health burden placed on physical health 
and psychological wellbeing when people are exposed to air 
pollution, especially in highly polluted and poor communities. 

One of the two air quality and health studies conducted in the 
Limpopo Province section of the WBPA (Itzkin 2015) collected 
self-reported health data (i.e., self-reported respiratory health 
outcomes at a household level combined with ambient air 
quality data). An older study conducted by Zwi et al. (1991) 
collected self-reported respiratory health data, and also 
conducted lung function tests to find associations between ill 
health symptoms and air pollution exposure. Zwi et al. (1991) 
found that respiratory symptoms (e.g., wheezing or coughing) 
were significantly more common in children who went to school 
in polluted communities, than in children who went to schools 
in less polluted areas. 

One study developed a Land Use Regression Model to estimate 
ambient PM2.5 concentrations from coal-fired power stations and 
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Table 3: Overview of the studies which included health and air quality in the WBPA

Article Title Location of research Study Population Study Aim Study findings

1 Platinum and Gold 
Mining in South Africa: 
The Context of the 
Marikana Massacre

(Cairncross and Kisting 
2016)

Wonderkop, Marikana, 
North West Province and 
Tudor Shaft, Mogale City, 
Gauteng Province

Mining communities and 
mining workers

To determine the 
impact of mining on 
communities and 
workers using two case 
studies of platinum and 
gold mining in South 
Africa.

These testimonials captured the extreme poverty as well 
as multiple co-morbidities caused by mining activities 
and the social conditions surrounding mines. People 
reportedly suffered from asthma, sinusitis and eye 
problems.

2 Expert Report: The 
Psychological and Mental 
Health Consequences of 
Climate Change in South 
Africa

(Barnwell 2021)

South Africa as a whole, 
with specific mention 
of Rustenburg and the 
Bojanala Platinum 
District

Poor people living 
in highly polluted 
communities

This expert report 
focuses on the 
considerable health 
and mental health 
consequences of 
climate change due to 
its impacts on (among 
others) environmental 
and planetary health.

Climate change will have insurmountable negative 
repercussions for South Africa. Air pollution is quoted 
to have a severe burden on health and psychological 
wellbeing. Poor people living in highly polluted 
communities are stressed, as they are, for example, 
unable to reduce their exposure to air pollution by 
moving, due to their socio-economic status.

3 Respiratory Health Status 
of Children in the Eastern 
Transvaal Highveld

(Zwi et al., 1991)

Numerous schools in 
today’s Mpumalanga 
Province and Limpopo 
Province (including 
schools in the now 
WBPA).  The schools 
which are in the now 
WBPA were the control 
schools for this study 
(as they were deemed to 
be areas unlikely to be 
polluted). The study sites 
were primarily in the 
now Highveld Priority 
Area

Primary school children To determine whether 
there were detectable 
effects of the respiratory 
health status of children 
as a consequence of 
exposure to air pollution.

Respiratory symptoms (e.g., wheezing or cough) were 
significantly more common in exposed children. Of 
the risk factors tested, attendance at school in the 
exposed area was the most important risk factor for the 
development of respiratory symptoms.

4 Health in the Waterberg, 
Up in Smoke?

(Itzkin 2015)

Lephalale, Marapong and 
Steenbokpan towns in 
Limpopo Province

Schools and clinics and 
households

To assess the perceived 
state of air quality 
because of fossil 
fuel burning and 
domestic activities in 
the Waterberg using 
stakeholder surveys and 
scenario analysis.

Air pollution perceptions and self-reported health 
outcomes were found to vary with socio-economic status. 
Qualification of respondents, subscription to medical 
aid and presence of a ceiling on the home came up as 
associated with ‘air pollution understanding’, as well 
as ‘overall rating of household health over the last two 
years (Itzkin 2015). Annual average concentrations for all 
measured pollutants were within the respective NAAQS, 
except for PM10 in Marapong, which exceeded the annual 
NAAQS. Hourly SO2 exceedances and daily PM2.5 and PM10 
exceedances were measured in Marapong.

5 A critical review of health 
risk assessments of
exposure to emissions 
from coal-fired power
stations in South Africa

(Langerman and Pauw 
2018)

The air quality priority 
areas of South Africa, 
including the WBPA

NA This paper investigates 
the reasons for the large 
discrepancies calculated 
in five comprehensive 
health  risk  assessments  
of  South  African coal-
fired power station 
emissions.

Four health risk assessments of emissions from coal 
fired power stations in South Africa were analysed and 
classified as over-or underestimating health effects of coal 
fired power stations. Suggestions are made for improved 
health risk assessments. A more accurate estimate of 
health effects would be obtained by applying integrated 
exposure-response functions to quantify health risks at 
actual exposure levels, and then apportioning the health 
effects relative to the contribution made by each source 
to total exposure levels (Langerman and Pauw 2018).

6 Improving health risk 
assessments of PM2.5 
from coal-fired power 
stations

(Simelane and 
Langerman 2020)

Areas affected by 
emissions from coal fired 
power stations, including 
the WBPA

Population in South 
Africa exposed to PM2.5 
from coal-fired power 
stations

To use a new 
“proportional log-linear 
approach” to calculate 
health outcomes from 
one component of PM2.5. 
Using this new approach, 
total premature deaths 
from exposure to 
ambient PM2.5 levels 
are first calculated, and 
then the proportion 
attributable to the
coal-fired power stations 
assigned.

Emissions from coal-fired power stations contribute 
between 1.8% and 5.6% of all deaths attributable to PM2.5 
exposure in the study area (Simelane and Langerman 
2020). Coal-fired power station emissions contribute a 
relatively higher proportion of premature deaths where 
power stations have the highest contribution to ambient 
PM2.5 concentrations.

7 Health and wellbeing 
needs and priorities 
in mining host 
communities in South 
Africa: a mixed-methods 
approach for identifying 
key SDG3 targets

(Rice et al., 2022)

Rustenburg, Thabazimbi 
and Mogalakwena Local 
Municipality/ Waterberg 
and Bojanala District 
Municipalities

Host communities of 15 
mining operations

To identify local needs 
and priorities relating 
to SDG3 targets in host 
communities through 
stakeholder workshops 
and key informant 
interviews.

Poor housing, air quality, and ventilation in clinics, 
transport, and homes were put forward as key factors in 
relation to TB (by community members) and air pollution 
was mentioned as a priority for action by community 
members living in mining host communities.
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Conclusions
This review set out to establish a baseline of published and 
peer-reviewed air pollution and health research studies in the 
WBPA. Just over 70 studies were identified as relevant based on 
the systematic search criteria. Only seven studies considered air 
quality and health in the Priority Area (as opposed to only air 
quality or only health) and of these, only one actively collected 
human health data in relation to air pollution exposure. All of 
the reviewed articles identified air quality as a problem with 
ambient air quality levels often exceeding relevant NAAQSs. We 
recommend that well-designed epidemiological health studies 
be conducted in the WBPA to enhance our understanding of the 
air pollution-related health burden in the WPBA population.
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