
2021  
Conference of the National  
Association for Clean Air

6 - 9 OCTOBER | VIRTUAL 
Annual Conference Proceedings

Evidence-based Pathways to Clean Air in South Africa

Conference Proceedings ISBN: 978-0-620-95266-8



N A C A  2 0 2 1  |  A n n u a l  C o n f e r e n c e  P r o c e e d i n g s

Page | 2

Generation Division

Making our air cleaner and better to 
breathe is the best thing to do for 
the health of our families, ourselves 
and our communities. 
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Welcome Message

Dear 2021 Conference Delegates
It gives me great pleasure to welcome you to 
our 2021 National Association for Clean Air 
(NACA) annual conference from 6-8 October 
under the theme “Evidence-based Pathways to 
Clean Air in South Africa”. For the second year 
running, we are hosting this conference virtually 
as the world adjusts to a new normal world of 
work and we navigate the COVID 19 pandemic. 
A pandemic that has left all of us impacted in 
one way or another; as we join together in the 
conference may we take time to reflect over the 
past year and spare a moment to remember 
all of the family and friends we have lost over 
this period, sadly for the NACA community 
this includes one of our former President’s, Mr 
Benton Pillay, may his soul rest in eternal peace. 
Thank you to the air quality community for all the 
messages of condolence and prayers that were 
sent to NACA.

The initial plan this year was to host a Hybrid 
conference and have some delegates attending 
the conference through a live platform, in order 
to get back to some form of normalcy. This 
unfortunately was not to be, as we saw a third 
Covid 19 wave hit South Africa in June 2021; 
NACA Local Organising Committee (LOC) then 
took a decision to host this conference only on a 
virtual platform.

I’d like to thank our sponsors, who bought 
into the NACA vision of yet again hosting a 
virtual conference and adhering to COVID 
19 restrictions and protocols and financially 
supported us, without them this conference 
would not have been possible; Eskom, Dust Mine 
Forum UCT, SACNASP, Lakes Environmental, 
North West University, Air Resources 
Management, C&M Consulting, Skyside, Umoya-
Nilu, Airshed Planning Professionals, Enviroserv, 
Elemental Analytics, Ero Africa, Gondwana 
Environmental, Levego, Rayten Engineering, 
Shepstone Wylie Attorneys, Envirocon, Testo and 
Yellow Tree, Thank you, your support for this 
conference is greatly appreciated. 

In line with NACA’s objective of actively 
promoting and advocating for clean air in South 
Africa, the following seminars, webinars and 
courses were successfully hosted this year… 
• Air Quality documentary (https://www.

youtube.com/watch?v=tIghFFn22Nc)  which 
has been watched more than 1000 times, 

• Open Waste Burning webinar (https://www.
youtube.com/watch?v=VdPIDNZDU8w) which 
has been watched more than 700 times and 
was attended live by more than 200 people, 

• SAAELIP webinar was attended by 150 
people (https://www.youtube.com/
watch?v=jFJOOKgPiug) and has been 
watched 35 times,

• and NACA participated with DFFE on the 
Emissions Management Course in August

NACA continues to support the Clean Air 
Journal (CAJ), a premier platform for electronic 
dissemination of information on air quality 
science and management and will continue in 
this strategic partnership.

(https://www.youtube.com/watch?v=tIghFFn22Nc)
(https://www.youtube.com/watch?v=tIghFFn22Nc)
(https://www.youtube.com/watch?v=VdPIDNZDU8w)
(https://www.youtube.com/watch?v=VdPIDNZDU8w)
(https://www.youtube.com/watch?v=jFJOOKgPiug)
(https://www.youtube.com/watch?v=jFJOOKgPiug)
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Our social media footprint has and continues 
to make a felt presence within the Science 
community through facebook, twitter and the 
NACA website.

True to form, our conference will again 
offer a technical programme with scientific 
presentations in the mornings and free 
technical workshops in the late afternoon on 
day 2 and 3 which I invite you all to join in. The 
local organising committee has this year also 
introduced an exciting competition of 3 Minute 
Talks (3MT) and I am looking forward to these 
short, provoking, and exciting talks to stimulate 
conversation, deliberation and interesting 
discussions amongst us all.

A warm welcome to 3 days of knowledge sharing 
and learning on Evidence-based Pathways to Clean 
Air in South Africa.

Ms Gabi Mkhatshwa
NACA President
2021

Committees
The organising committee would like to thank 
all those who gave their time and effort in the 
various aspects of the conference organisation.

2021 Local Organising 
Committee

Anzel de Lange
Agnes Makau
Beverley Terry
Brigitte Language
Gabi Mkhatshwa
Harold Annegarn
Ncobile Nkosi
Renée le Roux
Roelof Burger
Stuart Piketh
Thabang Tshobeni

Conference Organisers

Mongoose Communications  
& Design (Pty) Ltd.
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Scientific Review Process
The 2021 National Association for Clean Air 
annual conference proceedings include peer 
review publications that were subjected to the 
following process. A total of 32 submissions 
were received for initial screening by members 
of the editorial team, Prof Stuart Piketh and Prof 
Roelof Burger. A total of 17 manuscripts out 
of 32 submissions were submitted to a blind 
review by two independent reviewers each. 4 
had major corrections and 13 minor corrections. 
Corrections were resubmitted to original 
reviewers to confirm that corrections were 
incorporated and comments were considered 
under the oversight of the editor, Dr Anzel De 
Lange. One manuscript was rejected for failing 
to implement corrections and comments in the 
required timeframe. A total of 16 manuscripts 
were accepted for publication in the 2021 
proceedings. The review processes were 
managed by an online management system 
under the care of Mrs Renée le Roux and a full 
archive of the review history was made.
The review panel was made up of the following 
22 individuals:

Chairperson of the NACA 2021  
Scientific Review Committee
Dr Anzel de Lange 
University of Limpopo
 
Dr Joseph Adesina
North-West University

Dr Katye Altieri
University of Cape Town

Prof Harold Annegarn
North-West University

Dr Terri Bird
Airshed Planning Professionals

Prof Roelof Burger
North-West University

Dr Nicola Enslin
North-West University

Prof Patricia Forbes
University of Pretoria

Dr Gerhard Fourie
Mamadi & Company

Dr Micky Josipovic
North-West University

Dr Danitza Klopper
University of Limpopo

Dr Gerrit Kornelius
University of Pretoria

Dr Kristy Langerman
University of Johannesburg

Dr Brigitte Language
North-West University

Dr Hanlie Liebenberg-Enslin
Airshed Planning Professionals

Dr Farina Lindeque
University of Limpopo

Dr Raeesa Moolla
University of the Witwatersrand

Prof Stuart Piketh
North-West University

Prof Hannes Rautenbach
Akademia

Dr James Tshilongo
MINTEK

Dr Martin van Nierop
Gondwana Environmental Solutions

Dr Johanna von Holdt
University of Cape Town
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List of sponsors and 
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Air Resource Management
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Enviroserv Waste Management 
www.enviroserv.co.za | 011 456 5660

Ero Africa
https://ero.africa | 011 869 1101

ESKOM
www.eskom.co.za | 0860 037 566

Gondwana Environmental Solutions
https://gondwanagroup.co.za/ |  
011 472 3112

Lakes Environmental (Canada)
www.weblakes.com | +1 519 746 5995

Levego Environmental Services
www.levego.co.za | 011 608 4148

Mine Dust Network
University of Cape Town
Global Challenges Research Fund
UK Research and Innovation
http://minedust.org | 021 650 2699 | talktous@
minedust.org

North-West University
www.nwu.ac.za | 018 299 1582

Rayten Engineering
https://www.rayten.co.za | 011 792 0880

Shepstone & Wylie Attorneys
www.wylie.co.za | 031 575 7000

Skyside
www.skyside.co.za | 031 100 1300

South African Council for Natural Scientific 
Professions (SACNASP)
www.sacnasp.org.za| 012 748 6500

Testo South Africa (Pty) Ltd.
www.testo.co.za | 021 300 3265

uMoya Nilu
www.umoya-nilu.co.za | 031 262 - 3265

Yellow Tree Environmental
www.yellowtree.co.za | 021 200 0082 
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Programme
2021 Conference of the National Association for Clean Air
Virtual (Online)

WEDNESDAY, 6 OCTOBER 2021

09:30 - 13:00

Joint Multi-Stakeholder Workshop, Hosted by Department of  
Forestry, Fisheries and the Environment and the National  
Association for Clean Air
Low-cost sensor technologies in ambient air quality monitoring

13:00 – 14:00 Break

14:00 – 14:15 Attendees join the session

Plenary session  
Session Chair: Ms Gabi Mkhatshwa (National Association for Clean Air)

14:15 – 14:25 Opening by the President of the National Association for Clean Air 
Ms Gabi Mkhatshwa

14:25 – 14:30 2021 NACA Conference Diamond Sponsor 
Eskom

14:30 – 15:15
Feedback from the DFFE Air Quality Governance Lekgotla
Dr Thuli Khumalo, National Air Quality Officer, Department of Forestry, Fisheries 
and the Environment

15:15 - 15:30 Mid-afternoon break

15:30 – 16:15

The GAINS Model Framework for Development of Cost-effective Air 
Quality Strategies at Various Scales, Considering Climate and Air 
Quality Policy Linkages 
Dr Zbigniew Klimont, International Institute for Applied Systems Analysis (IIASA)

16:15 – 16:20 2021 NACA Conference Diamond Sponsor
GCRF Mine Dust and Health Network

16:20 – 16:40
Applying Theory of Change to Identify Key Assumptions in Air Quality 
Management Planning in South Africa
Phathutshedzo Mukwevho, North-West University

16:40 – 17:00
Air Pollution in the South African Twitterverse:  
Exploring User Awareness Over the Past Decade
Farina Lindeque, University of Limpopo
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Programme
2021 Conference of the National Association for Clean Air 

WEDNESDAY, 6 OCTOBER 2021 continued

THURSDAY, 7 OCTOBER 2021
08:15 - 08:25 Attendees join the session

08:25 - 08:30 Welcome
Prof. Roelof Burger, Vice President, National Association for Clean Air

08:30 - 09:15

The IPCC Assessment Report Six: Key Findings and Implications for 
Southern Africa 
Prof. Francois Engelbrecht, University of the Witwatersrand,  
Global Change Institute

09:15 – 09:35 
World Bank’s Pollution Management and Environmental Program to 
Stimulate Evidence-based Air Quality Management in Africa
Mr Gary Kleiman and Ms Elizabeth Masekoameng, World Bank Group

09:35 – 09:40 2021 Conference Platinum Sponsor
The South African Council for Natural Scientific Professions (SACNASP)

Session 1: Air Quality and Human Health
Session Chair: Dr Caradee Wright, Medical Research Council

09:40 – 10:00
The Contribution of Informal Waste Burning in Wedela to  
Ambient Particulate Matter
Aneska Richter, North-West University

10:00 – 10:20
The Influence of Coal Pellet Properties on its Emissions and  
Thermal Performance in a Semi-Continuous Coal Stove
Coenraad Meyer, North-West University

10:20 – 10:40
Air Pollution and Health in Two South African Low-income  
Communities on the Highveld
Bianca Wernecke, SA Medical Research Council

10:40 – 11:00
Assessing the Contribution of the Health and Vulnerability of Urban 
Communities: The Evidence Base for Urban Air Quality Management
Juanette John, CSIR

17:00 – 17:20 The role of Institutional Networks in Air Quality Management in Africa
Dr Aderiana Mbandi, South Eastern Kenya University

17:20 – 17:35 NACA Awards
Ms Gabi Mkhatshwa, President, National Association for Clean Air

17:35 Session Ends
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13:20 – 13:40 
Diffusive Sampling of Trace Gases for a South African Township: 
Ezamokuhle, Mpumalanga 
Fred Goede, Air Resource Management

13:40 – 14:00 
Observations of Aerosol Size Distributions During Marine and  
Continental Air Masses in Simon’s Town, False Bay
February Faith, University of Cape Town

14:00 – 14:05 Break

14:05 – 14:10 2021 Conference Platinum Sponsor
Lakes Environmental Software (Canada)

14:10 –  14:30 
Local Meteorology and Ambient Particulate Aerosol Loadings on the  
West Coast of southern Africa: Swakopmund, Namibia 
Prof. Stuart Piketh, North-West University

14:30 – 15:00 Mid-afternoon Break

15:00– 17:00 Technical Session: GCRF Mine Dust and Health Network: 
”Mine Dust and Gold Tailings”

11:20 – 11:40
A Novel Application of Using Unmanned Aerial Vehicles (UAVs)  
for Air Quality Management 
Avishkar Ramandh, Air Resource Management

11:40 – 12:00
Effect of Alkaline Activator Composition on Geopolymer Properties 
Produced from South African Power Station Fly Ash 
Tshiamo Geneke, North-West University

12:00 – 12:20
First-time Observations and Analysis of Nitrogen Dioxide Concentrations 
over the South African Highveld Atmosphere using Pandora-2s Data   
Refilwe Kai, University of the Witwatersrand

12:20 – 13:00 Lunch

Session 3: Air Quality Monitoring
Session Chair: Dr Raeesa Moolla, University of the Witwatersrand 

13:00 – 13:20 
Outdoor Air Quality Monitoring of Particle Mass Concentration  
Using Dylos DC1700
Tolulope Aniyikaiye, University of Venda

Programme
2021 Conference of the National Association for Clean Air

THURSDAY, 7 OCTOBER 2021  continued

11:00- 11:20 Mid-morning Break

Session 2: Urban and Industrial Air Quality
Session Chair: Dr Patience Gwaze, Department of Forestry,  
Fisheries and the Environment 
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Programme
2021 Conference of the National Association for Clean Air

FRIDAY, 8 OCTOBER 2021
08:15 - 08:25 Attendees join the session

08:25 - 08:30
Welcome
Dr Anzel de Lange, Chairperson of the 2021 NACA Conference  
Technical Review Committee

08:30 - 09:15
Flue Gas Desulphurisation (FGD) System at the Kusile Power Station 
Mr Keketsi Ramahali, Specialist in Flue Gas Desulphurization,  
Air Quality Control, Eskom

Session 4: Air Quality Modelling
Session Chair: Dr Lisa Ramsay, WSP in Africa

09:15 – 09:35

A Baseline Air Quality Modelling Assessment for a  
South African Township: A case Study of the Ezamokuhle Township, 
Mpumalanga, South Africa
Anesu Shamu, Air Resource Management

09:35 – 09:55
Quantification of Vehicle Emission Inventory in Thulamela  
Municipality, Limpopo Province, South Africa
Ibironke Enitan, University of Venda

09:55 – 10:15
Estimation of Landfill Gases and Potential Utilisation in  
a South Africa Landfill
Prince Njoku, University of Venda

10:15 – 10:35
Simulating Air Quality in the Highveld: Reflections on Recent Findings, 
Challenges, and Research Needs
Prof Rebecca Garland and Mr Mogesh Naidoo, CSIR 

10:35- 10:50 Mid-morning Break

3MT Session
Chair: Brigitte Language, North-West University

10:50 - 11:50 3MT Session
Three-Minute Talk Competition

Session 5: Air Quality Research, Validation and Uncertainty
Chair: Dr James Tshilongo, Mintek

11:50 – 12:10
South African Weather Service on the Role of SAWS on  
Air Quality Research
Dr Mary-Jane Bopape, South African Weather Service
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Programme
2021 Conference of the National Association for Clean Air

FRIDAY, 8 OCTOBER 2021  continued

12:10 – 12:30 
Development of Reactive and Non-reactive Multi-Component Reference 
Gas Mixtures in Support of South African Air Pollution Industry
Wilson Magobo, NMISA

12:30 – 12:50 Concepts for an Improved Vehicle Emission Inventory for Gauteng
Prof Harold Annegarn, North-West University

12:50 - 13:35 Lunch

13:35 - 14:00 Awards for Best Paper

14:00 - 17:00 Eskom and North-West University 
Technical Session: Source Apportionment
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Keynote Speakers
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Keynote Speakers

THE GAINS MODEL FRAMEWORK FOR DEVELOPMENT OF COST-EFFECTIVE 
 AIR QUALITY STRATEGIES AT VARIOUS SCALES, CONSIDERING CLIMATE  

AND AIR QUALITY POLICY LINKAGES

Zbigniew Klimont *, Gregor Kiesewetter

International Institute for Applied Systems Analysis (IIASA)

Abstract
Air pollution knows no borders, neither national nor regional, and the often exercised strategy of addressing 
urban air quality with local measures only is typically delivering less than promised. Poor air quality is a result 
of a cocktail of primary and secondary pollutants, the latter produced from emissions of precursor gases like 
SO2, NOx, VOC, NH3 with different lifetimes. Thus, sources far away from receptor can be still very important 
contributors to ambient PM2.5 or ozone.

Chemical transport models capture well such atmospheric interactions and can represent well actual ambient 
measurements. However, they are computationally intensive and therefore, rather impractical for analysis 
of many scenarios. Furthermore, they also miss explicit representation of policies, mitigation technologies 
and their costs – elements necessary for the effective dialogue with policy makers and other stakeholders. 
Integrated assessment models include these and, in combination with atmospheric models, can provide 
a powerful framework for a robust analysis of several scenarios and development of solutions to meet 
environmental and health impact related targets.

The Greenhouse Gas – Air Pollution Interactions and Synergies (GAINS) model developed at IIASA is one such 
model. It has been successfully applied in Europe and Asia, even at subnational levels including megacities, 
in support of policy processes addressing local and regional air quality. The paper shows examples of model 
applications at different scales highlighting the importance of regional collaboration to improve feasibility and 
cost-efficiency of reaching ambitious air quality targets. Additionally, since most of the pollution sources also 
emit greenhouse gases, climate policies such as NDCs will result in co-benefits for air quality. Conversely, air 
quality and development strategies could bring important climate benefits. GAINS allows for analysis of such 
co-benefits as well as trade-offs – examples will be presented for selected regions. GAINS application is under 
development of the JET region in South Africa.
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Invited Speakers
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CONCEPTS FOR AN IMPROVED VEHICLE EMISSION INVENTORY FOR GAUTENG

Harold Annegarn 1*, Mogesh Naidoo 2, Rebecca Garland 2

1Unit for Environmental Science and Management, School of Geo and Spatial Science,  
North-West University, Private Bag X6001, Potchefstroom, South Africa

2Smart Places, CSIR, PO Box 395, Pretoria 0001, South Africa

Abstract
As public concern about air pollution’s adverse health and climate effects increases, public policies globally 
are moving towards more stringent standards and mitigation efforts. In addition to conventional intervention 
strategies, novel and disruptive policies are being promoted, for example phasing out of internal combustion 
engines in favour of electric vehicles, limitations of vehicular access to urban centres and compulsory 
scrapping of older vehicles. Such measures’ benefit/cost ratios need to be evaluated to arrive at politically 
acceptable and economically affordable strategies. Air dispersion modelling is one of the central tools in 
assessing the impacts of intervention strategies. As the cost of interventions increases, the need increases 
for improved accuracy and reduced uncertainties. This paper addresses whether current methods of 
estimating the source emissions (emission factors and activities) of vehicles are adequate and comparable 
in uncertainty to other major source categories. We conceptualise potential reductions in vehicle emissions 
for scenario developments following advanced technologies such as electric vehicles and urban mobility 
transformation. We pose several questions. How well do we need to know emissions from the vehicle source 
category? What are the current uncertainties in these estimates? What, in the ideal case, would the dispersion 
modeller wish to know about vehicle activity (e.g. fleet composition, average speeds of road sector and time 
of day, fuel category)? How much of the underlying data is currently monitored and by which agencies but 
is not accessible to the air quality community? We propose a research strategy to enhance vehicle emission 
inventories, specifically for Gauteng, where the eToll gantries monitor the vehicle activity on the major 
highways in fine granular detail.

Keywords: 	 Vehicle	emissions,	emission	inventory,	traffic,	cities,	dispersion	modelling
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THE ROLE OF INSTITUTIONAL NETWORKS IN AIR QUALITY 
MANAGEMENT IN AFRICA

Aderiana Mbandi 1*, Hanlie Liebenberg-Enslin 2, Rebecca Garland 3,  
Philip Osano 3, Kevin Hicks 4

1South Eastern Kenya University
2Airshed Planning Professionals

3Council for Scientific and Industrial Research, Pretoria, South Africa
4Stockholm Environment Institute, Africa Centre, Head Office, World Agroforestry Centre, Nairobi, Kenya

5Stockholm Environment Institute, Environment and Geography Department, University of York, UK

Abstract
Air quality institutional networks and Communities of Practice (CoPs) play a major role in convening key 
stakeholders to collaborate on air quality management including on emerging issues, research needs, 
technology advances, resources opportunities, and dissemination of best practice. Their role in building 
capacity through mutual learning, shared experiences and improving the state of knowledge, as well as their 
effectiveness as platforms for raising awareness and promoting institutional memory in accumulating and 
disseminating air quality management (AQM) knowledge is not well documented in Africa. Their instrumental 
role in supporting development and implementation of air quality public policies in Africa is not well documented. 
This submission considers the development in Africa of regional air quality management policy frameworks 
involving multiple stakeholders to understand the role that networks play in air quality management. We 
assess the linkages to air quality networks and CoPs at different scales: national, regional and global levels. 
We take into account the chronology of the networks including historic - Air Pollution Information Network for 
Africa (APINA);  established - The National Association for Clean Air (NACA) South Africa and the International 
Union of Air Pollution Prevention and Environmental Protection Associations (IUAPPA); emerging - Kenya Air 
Quality Network (KAQN); and new -the African Group on Atmospheric Sciences (ANGA). This assessment of 
air quality institutional networks underscores the importance of convening multiple partners to support long-
term research and bridge the science-policy-practitioner gaps as part of evidence-based decision-making in 
environmental policy.

Keywords:  Networks, Air Quality Management, Communities of Practice. Governance
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LOCAL METEOROLOGY AND AMBIENT PARTICULATE AEROSOL LOADINGS 
ON THE WEST COAST OF SOUTHERN AFRICA: SWAKOPMUND, NAMIBIA.

Brigitte Language1*, Tebatso Moloto1, 3, Rebecca Garland1, 2, Roelof Bruger1, 
Anja K. van der Plas4, Deon C. Louw4, Stuart J. Piketh1

1Unit for Environmental Science and Management, North-West University, Potchefstroom, South Africa.
2Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa.

3Southern Ocean Carbon and Climate Observatory,  
Council for Scientific and Industrial Research, Cape Town, South Africa.

4National Marine Information and Research Centre (NatMIRC),  
Ministry of Fisheries and Marine Resources (MFMR), Swakopmund, Namibia.

Abstract
Particulate aerosol pollution is a primary risk to both environment and human health. Despite its importance 
and potentially detrimental consequences, knowledge surrounding particulate aerosols is still limited in the 
southern African region. Southern Africa is impacted by substantial amounts of local- or transported natural 
and anthropogenic aerosols. These aerosols originate from both continental and marine sources. Among the 
contributing sources are resuspended dust, biomass burning plumes, urban pollution, shipping, and marine 
aerosols. The paper aims to investigate the local meteorology and ambient particulate aerosol loadings in 
Swakopmund, Namibia. The ambient monitoring station was located on the west coast of southern Africa for 
nine weeks, between 16 March and 21 May 2020. It was situated at the National Marine Information & Research 
Centre (NATMIRC) in Swakopmund (22.685741° S; 14.522768° E) in the Erongo Region, Namibia. The station 
was positioned ~10 meters from the ocean and oriented to maximise exposure and minimise the impacts of 
any surrounding objects. Temperature, relative humidity, wind speed, wind direction, and precipitation were 
among the monitored meteorological parameters. Particulate aerosol mass concentrations were sampled 
using the MetOne BAM 1020 (PM10) and the TSI DustTrak DRX (PM10, PM4, PM2.5, and PM1) instruments. Case 
studies were identified based on low concentrations (<50 µg.m-3), high concentrations (>200 µg.m-3), and 
extreme changes in meteorological conditions, such as high temperature and low relative humidity. Identified 
events were considered as case studies if the conditions persisted for two or more days. The case studies 
were characterised based on the particulate aerosol loadings, local meteorological conditions and regional 
synoptics. This is the first time these parameters have been investigated in Swakopmund, on the west coast 
of southern Africa.

Keywords:  Ambient particulate aerosols, meteorology, Namibia, southern Africa
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Scientific Papers



Outdoor Air Quality Monitoring of Particle Mass Concentration  

Using Dylos DC1700 

Tolulope E. Aniyikaiye1*, John O. Odiyo2,4, Stuart J. Piketh3 and Joshua N. Edokpayi4 

1 Department of Geography and Environmental Sciences, University of Venda,  
Private Bag X5050, Thohoyandou 0950, South Africa, lizaniyi@gmail.com 

2 Office of the DVC Research Innovation Commercialisation and Internationalisation (RICI),  
Vaal University of Technology, Vanderbijlpark, South Africa, john.odiyo@univen.ac.za 

3 Unit for Environmental Sciences and Management, North-West University, Potchefstroom,  
South Africa, Stuart.Piketh@nwu.ac.za 

4 Department of Earth Sciences, University of Venda, Private Bag X5050, Thohoyandou 0950,  
South Africa, joshua.edokpayi@univen.ac.za 

Recently, air pollution has become an emerging issue around the globe, with exposure 
to ambient air pollution taking a high priority. Air pollution has the greatest environmental 
risk to health, responsible for about 11% of annual mortality, with outdoor pollution 
contributing 3 million deaths annually. However, consistent and reliable air quality data 
is a challenge, especially in developing countries. This could be partly due to a lack of 
funds to purchase the conventional instruments for assessing the air quality and the high 
technological requirement. Of all the criteria pollutants in the air, exposure to ambient 
fine particulate matter (PM2.5) is a major health challenge. To establish policies and 
measures that safeguard human well-being, providing reliable data through air quality 
monitoring with a high tempo-spatial resolution is essential. The deployment of simple 
and relatively cheap air quality equipment with good reliability is desirable. This study 
aims to assess the air quality status of Thulamela municipality of the Vhembe District in 
Limpopo, using Dylos DC1700. The PM2.5 concentrations of the ambient environment 
and the diurnal and daily variability of PM2.5 concentrations with changes in 
meteorological factors were monitored between February and April 2021. The results 
showed high concentrations of PM2.5 at night and low particulate concentrations during 
the day.  

Keywords: Air quality monitoring, ambient air, diurnal variability, Dylos DC1700, PM2.5, 
tempo-spatial resolution. 

1. Introduction  

Globally, exposure to ambient fine particulate 

matter (PM2.5) is a major health challenge (Kumar et 

al. 2015; WHO 2018). PM2.5 particles (<2.5 µm) are 
of major current concern, as they are small enough 
to penetrate the lungs, entering the circulatory 
system, then get dissolved and could be transported 
to distant organ or tissue of the body where their 
deleterious effects are felt (Johari et al. 2017; 
Thygerson et al. 2019). A global estimate of about 

8.9 million deaths attributable to PM2.5 exposure was 
made in 2015 (Burnetta et al. 2018). Thus, more 
attention is currently paid to monitoring fine 
particulate matter in ambient air (Jovasevic-
Stojanovic et al. 2015).  

In addition to the mortality impacts, health effects 
such as adverse cardiovascular and respiratory are 
associated with long- and short-term exposure to 

PM2.5 (EPA 2014). It is worthy of note that 

approximately 91% of the world population lives in 

cities with PM2.5 levels exceeding the World Health 

Organisation (WHO) air quality threshold (WHO 
2018), with greater impacts of the exposure felt in 
low to medium income countries (Gakidou et al. 
2017). Despite the extensive evidence of the health 

effects of PM2.5, air quality continues to worsen in 
many developing nations (Ngo et al. 2018).  

Most air quality measurement efforts in low to 
medium-income nations have been focused on 
household air pollution (Semple et al. 2013; Dacunto 
et al. 2015; Steinle et al. 2015). However, attempts 
to measure ambient air pollution have gradually 
increased lately (Steinle et al. 2015; Han et al. 2017; 
Carvlin et al. 2017). The lack of ambient air pollution 
data across low-income nations is likely due to the 
delayed development of societal awareness of the 
challenges associated with poor air quality. 
Therefore, there is a need for good quality, freely 
available real-time information on air pollution in 
developing countries to generate the necessary 
interest in reducing emissions and improving air 
quality (Awokola et al. 2020). 
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Conventional air quality monitoring involves 
establishing networks of ambient air quality 
monitoring stations mainly used to assess 
compliance of the air with air quality standards 
(Jovasevic-Stojanovic et al. 2015). The technique 
offers a proper assessment of air pollution. However, 
the excessive cost involved in its purchase, 
operation and maintenance is a constraint (Kumar et 
al. 2015; Sousana et al. 2017; Han et al. 2017). This 
has resulted in the limited number of available 
networks of PM monitoring stations across the 
globe, as many nations cannot afford it (Ngo et al. 
2018).  

To establish policies and measures that will 
safeguard human well-being, providing reliable data 
through air quality monitoring with a high tempo-
spatial resolution is essential (Jovasevic-Stojanovic 
et al. 2015). The high operational cost and the 
laborious quality processes involved with reference 
monitors hinder the expansion in spatial and 
temporal coverage required for extensive air 
pollution monitoring studies (Jovasevic-Stojanovic et 
al. 2015).  

In addition, the variability of pollutant 
concentration with location is a challenge, as air 
quality varies over a relatively small scale depending 
on the surrounding emission sources and 
meteorological conditions, thus providing a 
macroscopic overview of pollution field patterns 
(Kumar et al. 2015).  

Estimation of population exposures to air 
pollution is critical to examine the contribution of air 
pollution to the burden of disease (Han et al. 2017). 
The absence of air quality data due to the 
unaffordability of monitoring equipment in many low-
income nations hinders the assessment of the 
gravity of the air pollution problem. There is no 
evidence to show that air quality is a challenge, thus 
creating a harmful cycle (Ngo et al. 2018). Data with 
the increased spatial and temporal resolution is 
required for the identification of vulnerable groups in 
a population, emission control and health well-being, 
as well as for public enlightenment and behavioural 
modification (Semple et al. 2013; Jones et al. 2016; 
Semple 2018; Dobson et al., 2019; Jovasevic-
Stojanovic et al. 2019; UNICEF 2019).  

The quest for extensive, affordable and fast air 
quality monitoring assessment with high spatial 
resolution and their implication to human health has 
led to the development of Low-Cost (LC) miniature 
sensors used for real-time measurement of air 
pollutants (Kumar et al. 2014; Carvlin et al. 2017; 
Han et al. 2017; Ngo et al. 2018; Franken et al., 
2019). The acceptance and deployment of these LC 
sensors in industrialised nations have brought about 
increased research on air quality and public 
awareness on air pollutants effect on human health, 

and consequently, tremendous improvements in 
health impacts over the years (Awokoya et al. 2020).  

Most affordable PM monitors are based on the 
light scattering mechanism (Manikonda et al. 2016; 
Hojaiji et al. 2017; Jovasevic-Stojanovic et al. 2019), 
in which the light is scattered from individual particles 
is almost proportional to particle number (PNC) 
concentration (Sousana et al. 2017). Examples of 
low-cost PM devices include; Sharp GP2Y1010, 
Shinyei PPD42NS, Shinyei PPD 60 PV, Alphasense 
OPC-N1, Dylos DC 1100, Dylos 1100 PRO and 
Dylos DC1700 (Jones et al. 2016; Crilley et al. 2018; 
Li 2019; Semple et al. 2019; Tagle et al., 2020).  

Several studies have shown that low-cost sensor 
particulate monitors (LCS-PM) could give good 
spatial-temporal coverage of measurements. 
However, only a few studies have used LCS to 
demonstrate spatial-temporal PM pollution 
(Jovasevic-Stojanovic et al. 2019).  

This study aims to showcase the use of Dylos 
DC1700-a low-cost sensor in measuring the spatio-
temporal distribution of fine particulate matter and 
the influence of meteorological factors on the air 
quality of the Thulamela Municipality from February 
to April, 2021. 

2. Methods 
2.1 The Study Area 

The study was performed in the Thulamela Local 
Municipality, which has geographical coordinates of 
22°57′S and 30°29′E and is situated within the 
Vhembe District located in the northern part of the 
Limpopo Province (National Government 2021; 
Wikipedia 2021). It shares a boundary with the 
Kruger National Park in the east and with Makhado 
in the south and south-west (National Government 
2021). The Thulamela Local Municipality is the 
smallest of four municipalities in the Vhembe district, 
making up 10% of the district’s area. It has an area 
of 2 642km², and a total population of 497 237 was 
recorded in 2016 (National Government 2021). 

Thohoyandou is the main city in the municipality. 
Agriculture is the primary means of livelihood 
(National Government 2021). 

For this study, continuous measurements of 

PM2.5 were carried out at the Thulamela 
Municipality, South Africa, to detect spatial 
distributions of air quality across the municipality 
from 10 February to 31 April 2021 (Figure 1). Five 
monitoring locations from Thohoyandou and four 
villages (Table 1) within the municipality were 
considered. These selected sites were surrounded 
by residential buildings and situated within a 2-km 
radius from informal brick making industries. The 

real-time measurements of PM2.5 were taken using 
Dylos DC1700 instruments, which were stationed 
and mounted at 1.4 m height in the selected sites 
throughout the monitoring duration.  
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Figure 1: The study area map 

Table 1: The selected sampling sites and their 
geographical coordinates 

Village Site Latitude  Longitude 

Muledane A -22.992155 30.460613 

Thohoyandou  B -22.986445 30.461542 

Manini C -22.985625 30.484258 

Tshicova D -22.995323 30.50112 

Tshilungoma E -22.977612 30.501116 

2.2 Instrumentation  

Dylos DC1700 is a commercial-grade laser-
based counter designed to monitor particle number 
concentrations (PNC) in the ambient environment 
(Semple et al. 2013; Han et al. 2017). The scattered 
light intensity is a complex function of the diameter, 
density, shape, size and refractive index of the 
particle and light wavelength and geometry of the 
optical detector (Tan 2017; Scott 2016). Before 
installation, the Dylos devices were calibrated with a 
BAM 1020 (Beta-attenuation monitor) at North-West 
University. A coefficient of determination, R2 = 0.82, 
was attained between the hourly PM2.5 
concentrations of the reference instrument (BAM) 
and Dylos DC 1700. High reproducibility levels with 
R2 values between 0.99 and 1 were attained 
between the 1-hour PM2.5 average concentrations 
generated by all Dylos sensors used during the 
calibration exercise. An observed calibration 
equation was used to estimate the Particle Mass 
Concentration (PMC) in this study. 

The Dylos device is programmed to collect air 
quality data from the sampled air stream every 

minute. Data were collected and stored in the 
memory throughout the stipulated monitoring 
duration. Due to the short battery capacity of Dylos 
DC1700, the device's internal battery was 
complemented by a solar system with a 12-V battery. 
Readings on the Dylos device are displayed in two 
size bins, the first showing counts of particles greater 
than 0.5 µm (the detection limit) and the other 
showing counts only of coarse particles larger than 
2.5 µm (Dacunto et al. 2015). PNC between 0.5 µm 
and 2.5 µm is calculated from the difference between 
the PNC of the large (>2.5 µm) and small (>0.5 µm) 
particles (Dacunto et al. 2015; Semple et al. 2013; 
Han et al. 2016; Franken et al. 2019). Measurements 
with this device are expressed in particle counts per 
0.01 cubic foot (0.283 L) of air (Semple et al. 2013). 
Given that there is no epidemiological proof 
connecting PNC with health impacts, and in order to 
communicate the implications of exposure to poor air 
quality to the society (Tittarelli et al., 2008; Semple 
et al. 2013), it is essential to report the measurement 
from the Dylos device in the corresponding mass 
concentration. The corresponding mass 
concentration could be estimated using the assumed 
particle shape and density (Jones et al., 2016). In 
this study, all particles were assumed to be 
spherical, with each particle having a density of 
1.4E12 μgm-3 (Rissler et al., 2014). 

The device is provided with exclusive 
programming Dylos Logger (V.1.60) to empower the 
logged information from the instrument to be 
downloaded (Semple et al., 2013). The measured 
data are automatically stored in internal memory and 
downloaded through a serial port to a computer 
using a 9-pin serial/Universal Serial Bus (USB) cable 
(Manikonda et al., 2016; Han et al., 2017).  

VHEMBA DISTRICT
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2.3 Methodology and data analysis 

The South African Weather Service provided the 
meteorological data for the Thulamela Municipality 
from 10 February to 30 April 2021. Parameters 
included hourly wind speed and direction, 
temperature, precipitation and humidity. The Dylos 
devices recorded air quality data at 1-minute 
intervals at the selected locations. One-minute 
weighted PNC values were calculated, and the 
corresponding particle mass concentrations (PMC) 
were calculated using assumed particle shape, 
density and mean diameter of the particle 
distribution. One-hour weighted PMC averages were 
calculated. The predicted hourly PMC was then 
derived using the calibration equation. Only hours 
with a minimum of 75% valid data were retained 
when calculating the hourly PMC averages. Excel 
2016 and R-studio statistical packages were used 
for analysing the hourly averaged air quality and 
hourly meteorological data. 

3. Results and Discussion 

3.1 Relationship among the meteorological 
factors 

Meteorological factors relate to each other, and 
their interactions greatly impact the level of 
pollutants within the ambient environment of a given 
location at a given time. Meteorological data 
collected during our sampling period showed an 
inverse relationship between temperature and 
humidity (Figure 2). In the Thulamela Municipality, 
high relative humidity (RH) was observed from 
February to mid-March, before the gradual drop as 
the timing extends to April. In addition, a drop in 
temperature was observed from February to March, 
followed by a gradual increase in average daily 
temperature towards the end of March to April as the 
total rainfall level subsided. High total rainfall was 
experienced between February and mid-March. 
However, the level of precipitation dropped to almost 
zero towards the end of March. The high level of 
rainfall in February to mid-March could be 
responsible for the elevated RH and low average 
daily temperature. The lack of precipitation in April 
could have contributed to the gradual drop in 
average daily humidity and the slight increase in 
temperature.  

3.2 Diurnal variability of PM2.5 

The estimated hourly meteorological and hourly 
data readings of Dylos DC1700 from all the selected 
locations were stratified based on the hours of the 
day, after which the diurnal changes were 
determined graphically. Similar diurnal trends in the 

mass concentrations of PM2.5 were observed at sites 

A and B (Figure 3). PM2.5 concentrations were 

generally low throughout the day at both locations; 

peak PM2.5 concentrations in the range of 13.0 - 13.5 

µgm-3 were observed between 11:00 and 17:00. The 

low PM2.5 levels at these two locations could be 
attributable to the limited sources of atmospheric 
emissions. Site A is a student lodge, and site B is a 
municipality stadium, which is not operating due to 
COVID-19 restrictions. Two peaks of PM2.5 mass 
concentrations occurred in the morning (7:00) and 
evening (19:00-21:00) at site C. The elevated level 

of PM2.5 observed in site C could be due to pollution 
from high traffic volumes,  as this site is located near 
a T- junction, adjoined by a tarred and an unpaved 
road. These peaks corresponded with times during 
which cooking and traffic reach their highest levels.  

 
Figure 2: Hourly meteorological parameters at 

Thulamela Municipality  

A peak concentration of PM2.5 was observed in 
site D in the evening (19:00 - 20:00), which 
corresponds to the peaks in biomass combustion for 
domestic cooking. Other sources such as bush 
burning and brick firing might have also contributed 
to the elevated level of PM2.5 as site D is located 
about 500 meters away from clusters of traditional 

brickmaking industries. Generally, low PM2.5 levels 
were observed in site E throughout the day. 

However, peak PM2.5 levels occurred around 8:00 
and 23:00, which could be attributed to the peak 
period for domestic cooking and dust storm, 
respectively, as site E is located in an open space. 

Summarily, low concentrations of PM2.5 were 
observed between 0:00 and 16:00 in all the sites 

except at 7:00 - in site E. However, PM2.5 peaks 
were observed at all locations between 19:00 and 
23:00. Besides the emissions from human activities 
in the selected sites, the changing pattern of PM2.5 
concentrations is also affected by meteorology 
variability.  

Generally, our study has shown a direct 

relationship between average PM2.5 concentrations 
and the average relative humidity for a majority of 

the hours in a day. Low PM2.5 concentrations were 
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observed at all sites during the day when the 
average RH ranged between 55% and 76%. 

However, a rise in PM2.5 levels occurred at sites D 

and E at 18:00, when the RH increased. Increased 

PM2.5 levels were experienced at all locations from 
18:00 to 22:00 when there was elevated RH. At 
20:00, when the RH had risen to 79%, the average 

PM2.5 level of all the selected locations attained the 
peak level (Figure 4). The high humidity is 
associated with gas-to-particle partitioning. 
Hygroscopic components of PM absorb water, 
consequently increasing the mass concentration of 
PM and resulting in the accumulation of PM (Chen 
et al. 2020). 

On the other hand, an inverse relationship of 

PM2.5 levels with temperature and wind speed was 
observed at all the locations during the day. 

Reduced PM2.5 levels were observed at all locations 
between 9:00 and 17:00, when the average 
temperature ranged between 19.5 ºC and 24.7ºC. 
However, as the temperature began to drop from 
18:00 to 21:00, a rise in average hourly pollutant 
levels was experienced at differing rates and time. 

Elevated levels of PM2.5 were observed in all 
locations between the hours of 19:00 and 23.00 
when a reduction in temperature occurred. Reduced 
temperature weakens atmospheric convection and 
enhances the accumulation of PM (Tiwari et al., 
2012; Chen et al., 2020). Studies carried out by 
Tittarelli et al. (2008) and Tiwari et al. (2012) also 
showed an inverse correlation of PM concentration 
with temperature. 

Furthermore, reduced concentrations of PM2.5 

were observed at all locations at higher wind speeds 
(1.9 ms-1 - 2.6 ms-1) during the day. In contrast, a 
marked drop in wind speeds, from 1.9 ms-1 to 1.5 
ms-1, 19:00 to 23:00, might have contributed to the 

sporadic rises in PM2.5 levels at all locations. 

Tittarelli et al. (2008) also observed reduced PM 
concentrations at Turin, Italy, when the wind speed 
exceeded 1 ms-1. The reverse was the case at wind 
speed lower than 1 ms--1. High wind speed 
enhances favourable dispersion conditions (Dey et 
al., 2017), which aids dilution and complete diffusion 
of pollutants in the atmosphere (Bellprat, 2009; 
Guttikunda and Gurjar, 2012). Increased wind 
speeds also enhance evaporative losses and 
indirectly reduced mass concentrations of PM2.5 

(Chen et al., 2020). On the other hand, stagnant and 
low frequency of wind flow in a particular direction 
results in low dispersion of pollutants (Jung et al., 
2019) and accumulation of pollutants in localities 
close to the source of pollutant emission (EPA, 
2014).  

 
Figure 3: Hourly variations in PM2.5 concentrations 

across the selected study areas 

 
Figure 4: Interaction of the PM2.5 concentrations 

with meteorological factors 

3.3 Daily Variations in Mass 
Concentrations of PM2.5 

Concerning the National Ambient Air Quality 
Standard (NAAQS) 24-hour threshold limit of 40 

µgm-3 for PM2.5, low daily concentrations of PM2.5 

were experienced in the selected areas between 
February and mid-March. However, as April 
approached, there were frequent occurrences of 

PM2.5 concentration peaks, which greatly exceeded 

the NAAQS permissible limit, especially in locations 
C and D (Figure 5). The major sources of particulate 
matter around location C include vehicular 
emissions, occasional bush burning and dust from 
unpaved roads. However, for location D, biomass 
combustion for domestic cooking, brick burning, and 
occasional bush burning are the major sources of 
particulate matter. On a general note, the average 

daily concentration of PM2.5 during the sampling 
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duration for all the selected sampling sites ranges 
from 12.37 to 30.45 µgm-3 (Table 2), an indication 

that the ambient PM2.5 concentrations within these 

localities do not exceed the NAAQS 24-hour 

threshold limit for PM2.5. The generally low daily 

average concentrations of PM2.5 at all locations in 
February to mid-March may be attributed to the high 
level of precipitation of 63.2 mm (Figure 6), coupled 
with the high RH, which ranged between 72 and 95% 
(Figure 7). 

 

Figure 5: Daily PM2.5 concentrations in relation to 

the NAAQS 24-hour threshold limit 

  

Figure 6: Variability in PM2.5 concentrations with 

change in total precipitation 

 
Figure 7: Variability in PM2.5 concentrations with 

change in humidity 

Table 2: Summary of the average daily concentrations 

of PM2.5 throughout the sampling duration 

Parameters A B  C  D  E 

Minimum 
(μg.m-3) 

10.6 10.9 10.2 11.2 9.9 

Maximum 
(µg.m-3) 

16.3 15.1 442 233 109 

Mean 
(µg.m-3) 

12.4 12.4 30.5 25.0 13.4 

Median 

(µg.m-3) 
12.4 12.4 12.7 12.6 12.3 

Sampling 
duration 
(days) 

74 76 80 80 77 

Missing data 
(%) 

7.5 5 0 0 3.8 

3.4 Monthly Variations in Mass 
Concentrations of PM2.5 

From our study, the average monthly mean PM2.5 

concentrations in locations A and B showed slight 
variations from 12.5 to 12.4 µgm-3 and 12.5 to 12.1 
µgm-3, respectively, from February to April. However, 

the deviations of the daily PM2.5 concentrations from 

their respective monthly mean PM2.5 levels 
increased gradually from February to April for the 
two locations (Figure 8). Drastic increases in 
monthly average PM2.5 concentrations were 
observed from February to April; 15.5 to 50.4 µgm-3 

for C and 12.4 to 38.9 µgm-3 for D. The range of the 

daily PM2.5 concentrations increased greatly as the 
season gradually moved from autumn to winter. In 

the case of Location E, a drastic reduction in PM2.5 

average monthly concentration from 19 to 12.3 
µgm-3 was observed from February to March, then a 
slight reduction to 11.9 µgm-3 in April. An increase in 
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variability of daily PM2.5 concentrations was 
observed from the autumn to winter season at all 
locations except E (Figure 9). Of all the selected 
sites, only location D showed a statistically 
significant difference (p = 0.0289) in the mean PM2.5 
levels of the sampling months (Table 3).  
 

A B C 

   
D E 

  

Figure 8: Monthly variations in mass 

concentrations of PM2.5 

A B C 

   
D E 

  

Figure 9: Monthly variations in mass 
concentrations of PM2.5 

Table 3: Statistical significance in the differences 
in mean PM2.5 levels for February to April 2021 

Site F value P-value Statistical 
Significance 

A 0.38 0.69 Not Significant 

B 0.69 0.07 Not Significant 

C 1.64 0.20 Not Significant 

D 3.71 0.03 Significant 

E 2.13 0.13 Not Significant 

4. Conclusion 

This study has shown the effectiveness of Dylos 
DC1700 in continuous monitoring of fine particulate 
matters in the ambient air in the Thulamela 
Municipality for three months. The acceptance and 
deployment of low-cost sensors for monitoring 
ambient air quality would give the general public an 
idea of the air quality around them, thus enlightening 
the public of their exposures, which would bring 
about a modification of habits. In addition, the use of 
LC PM Sensors would also facilitate public 
participation as these devices are affordable and 
simple to operate. Data obtained from Dylos 
DC1700 during air quality monitoring exercise could 
provide an air quality database, which could serve 
as a framework for establishing environmental 
policies and measures that would safeguard human 
well-being in the near future. 
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Vehicle emissions are a major source of air pollution in Thulamela Municipality, 
Limpopo Province, South Africa. The province is currently experiencing an inflow 
of people from villages, which increases the human population, the number of 
vehicles and vehicle kilometres travelled (VKT). However, there is a lack of 
baseline data of vehicle emission inventory (VEI) and air quality within the district. 
Therefore, it is important to estimate vehicle emission impact on air quality within 
Thulamela Municipality. Hence, this paper quantified VEI of CO, NOx and SO2 for 
ten years between 2012-2021 using a bottom-up approach. This bottom-up 
approach method combines the vehicle activity and emission factor for different 
vehicle types. The VKT in this study is the vehicle activity and was based on 
odometer reading data obtained from individual car owners and registered vehicle 
population from the National Traffic Information System (eNaTIS). The number of 
vehicles was obtained from the eNaTIS for 2012 to 2021 (27 699-37 790). The 
average VKT within this period increased in the following order, Light-duty vehicles 
(LDV), passenger cars (PC), heavy passenger vehicles (HPV) and heavy-duty 
vehicles (HDV). This study shows that all the vehicles contributed an average of 
3278.11, 2232.60 and 54.72 tons of CO, NOx and SO2, respectively, into the 
atmosphere yearly. The total emission of CO, NOX and SO2 pollutants were 
32781.12, 22326.02 and 547.16 tons, respectively, with a growth rate of 40.57% 
for CO, 40.73% for NOX and SO2 by 39.66% for the study period. High estimated 
vehicle emissions from the investigated area could be a major contributing factor 
to local air pollution. Hence, mitigation strategies need to be put in place. 

Keywords: ambient air quality, vehicle emissions, emission inventory, VKT  

1. Introduction 

Air pollution is an alarming environmental 
issue worldwide, and several studies have 
shown its deterioration due to the emission of 
pollutants from different anthropogenic activities 
(George et al., 2013). Scholars have 
continuously investigated the contribution of 
anthropogenic activities to ambient air pollution 
levels (Gordon et al., 2014; Shabbir & Ahmad, 
2010; Freiman & Piketh, 2003). Worldwide, one 
of the significant anthropogenic contributors of 
gaseous and particulate pollutants which 
include sulphur dioxides (SO2), nitrogen oxides 
(NOx), carbon monoxide (CO), particulate 
matter of size <2.5 microns (PM2.5) and <10 
microns (PM10) into the atmosphere is vehicular 
emission (Phalen & Phalen, 2012). High 
vehicular activity, spurred by urbanisation and 
industrialisation, threatens the sustainable 
development of our society due to energy 
consumption and traffic-induced pollutant 
emissions. Vehicular emissions remain a threat 
to public and environmental health due to its 
influence on air quality and plant growth, which 

is expected to increase reasonably as vehicle 
ownership increases in the world (Phalen & 
Phalen, 2012; Lang et al., 2014; Sharma et al., 
2018; Song & Hao, 2019). Globally, over 600 
million people have been exposed to hazardous 
levels of traffic–generated pollutants (Cacciola 
et al., 2002; Han & Naeher, 2006). Hence, the 
deterioration of environmental quality in most 
cities of developed and developing countries 
have been reported (Lang et al., 2014; Sharma 
et al., 2018). In China, a rapid increase in the 
number of vehicles is a major factor affecting 
ambient air quality (Sun et al., 2019).  

The increase in the number of vehicles in 
South Africa has significantly contributed to the 
high emission of gaseous pollutants (Tongwane 
et al., 2015). Vehicle emissions in Cape Town 
have been identified as one of the sources of 
brown haze (Chiloane, 2006). Due to these 
factors, policymakers, institutions and the 
automotive and petroleum industries pay much 
attention to environmental pollution problems. 
Estimation of vehicular emission is currently 
considered an important aspect of 
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environmental policy assessments and 
infrastructural development. 

Based on previous studies, the development 
of emission inventories in South African 
provinces needs significant improvement due to 
increased air contamination. Hence, the study 
focused on estimating vehicle kilometre 
travelled (VKT) and quantifying vehicle 
emission of gaseous criteria pollutants (SO2, 
NOx & CO) within Thulamela Municipality from 
2012 to 2021. An emission inventory was 
estimated by a bottom-up approach using a 
vehicle-based method – vehicle kilometres 
travelled (VBM-VKT) (odometer based 
method). This study reports the first vehicle 
emission inventory (VEI) of gaseous criteria 
pollutants for the Thulamela Municipality. 

2. Methodology 

2.1 Study area 

The study was conducted within Thulamela 
Municipality, Vhembe District of Limpopo 
Province of South Africa (Figure 1). Vhembe 

District in the northern part of the Limpopo 
Province is located on longitude 30°29'37.92''E 
and latitude 22° 58' 14.30''S, covers a 
predominantly rural area 25 597 km2 and has a 
population of 1 336 493. It is a legendary 
cultural hub and a catalyst for agricultural and 
tourism development. There are four local 
municipalities in the Vhembe District: namely, 
Thulamela, Makhado, Collins Chabane and 
Musina Municipalities. The study area borders 
Makhado local municipality to the west, Collins 
Chabane local municipality to the south and 
Musina local municipality to the north. 

Thulamela local municipality is located 
between longitudes 22° 45’ 24. 24” S and 
latitudes 30° 35’ 53.36” E, at the eastern part of 
the Vhembe district, Limpopo province, South 
Africa. Thulamela is home to 47.7% of the 
population of the Vhembe district: and has a 
total population of 618 500, 54.9% female and 
45.1% male, and Venda and Tsonga tribes 
account for the major pollution in the district 
(Statistics South Africa, 2012). 

 

Figure 1: Map of the study area 

2.2 Study design 

Emissions of SO2, NOx and CO was 
estimated mainly based on the average VKT 
and vehicle population of various vehicle types 
and their respective emission factors (EF). 

The bottom-up approach, which combines 
the VKT and emission factor for different vehicle 
types, was used to estimate the emission using 
VBM-VKT. The annual VKT plays an important 
role in estimating vehicle emission and is a 
useful method to measure how far a vehicle 
travels in a year (Huo et al., 2012; Jung et al., 
2017). It is internationally a well-established 
indicator that is accepted by most developed 

countries. VKT is not measured directly but is 
always estimated (Fakuda et al., 2013). 
Estimating VKT can be classified into two 
categories: traffic and non-traffic measurement 
methods. The traffic method (vehicle-based 
method) was used by recording the odometer 
readings (Kumapley & Fricker, 1996; Fakuda et 
al., 2013; Hossain & Gargette, 2011).  

Vehicle emissions were estimated using Eq. 
(1) obtained from the European Monitoring 
Evaluation Programme/European Environment 
Agency (EMEP/EEA) Air Pollutant Emission 
Inventory Guidebook updated 2018 
(Ntziachristos & Samaras, 2018).  
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𝐸𝑖 = 𝑉𝐾𝑇𝑗 × 𝐸𝐹𝑖,𝑗 × 365                                    (1) 

where 𝐸𝑖 is the total annual vehicle emission of 

pollutants in ton/year; 𝑖  is an index of the 
pollutant type, which include SO2, NOX and CO; 
𝑉𝐾𝑇𝑗 are the kilometres travelled per vehicle 

type; and 𝐸𝐹𝑖,𝑗 are the emission factors. 

2.2.1 Data collection 

Data were collected through a questionnaire 
survey, field visits and literature review. A 
questionnaire-based quantitative vehicle survey 
was developed to collect data randomly 
describing the kilometres travelled from 
odometer reading, vehicle characteristics and 
vehicle activity within Thulamela. These 
variables provided information on the fleet.  

2.2.2 Activity Data 

Vehicle population (VP) 

Secondary data between 2012 and 2018 for 
vehicle population was obtained from the 
National Traffic Information System (eNaTIS). 
Due to the unavailability of data for 2019 to 
2021, the number of vehicles was extrapolated 
using 2012 to 2018 data. Vehicles were 
classified into four types: passenger cars (PC), 
heavy passenger vehicles (HPV), light-duty 
vehicles (LDV) and heavy-duty vehicles (HDV). 
Motorcycles were disregarded due to their 
insignificance.  

Estimation of vehicle kilometres travel (VKTs)  

The parameter vehicle kilometres travelled 
(VKT) is an important tool in estimating vehicle 
emission (Limanond et al., 2009; Huo et al., 
2012). The calculation of VKT for vehicles for 
this study was based on registered vehicles and 
odometer readings (Jung et al., 2017). The 
odometer data were recorded before and after 
each day of activities. The odometer readings of 
vehicles were collected through a 
questionnaires survey. In total, 100 
questionnaires were administered in seven 
different locations based on the availability of 
drivers and vehicle activities around the study 
area. Logbooks were given to drivers to record 
their odometer readings for seven days. Out of 
the questionnaires distributed, seventy-five 
were retrieved in this proportion 20, 31, 20 and 
4 for PC, HPV, LDV and HDV vehicle category. 
The variables that have been requested were 
odometer reading before and after each day 
service, kilometre travelled per day, current 
date, registration date, car model and service 
date.  

The daily average kilometre travelled (AKT) 
was calculated using Eq. 2. The AKT value 
obtained was converted to daily VKT for all 
vehicle types using Eq. 3 (Lima Azevedo & 
Cardoso, 2009; Shabadin et al., 2014). 

AKT(km) =
Total kilometres travelled for each vehicle type

Total samples
   (2) 

VKT(km) = AKT × Number of registered vehicles      (3) 

2.2.3 Emission factors 

An emission factor (EF) is a variable that 
specifies the mass of pollutants emitted from an 
activity normalised by the intensity of the 
activity. EF of SO2, NOx and CO reported by 
Ramirez et al. (2019) was used. The EF used 
for SO2 ranged between 0.018 to 0.084 g/km, 
0.149 to 1.747 g/km for NOx and 1.265 to 2.194 
for CO, respectively. 

3. Results and Discussion 

3.1.1 Vehicle population (VP) 

The vehicle population trends for the four-
vehicle classification (PC, HPV, HDV, HDV) and 
their proportion from 2012 to 2021 in Thulamela 
Municipality were considered (Figure 2), with 
passenger cars showing the highest population 
compared to others (Progiou, 2011; Song & 
Hao, 2019; Lv et al., 2019). The total population 
for all vehicle types (PC, HPV, HDV, HDV) from 
2012 to 2021 were 27 699, 30 315, 32 520, 
35 803, 36 421, 31 970, 36 421, 37 790, 38 981 
and 40 173 for PCs, HPVs, LDVs and HDVs 
(eNaTIS, 2020) with an estimated Compound 
Annual Growth Rate (CAGR) of 4.2%. 

 
Figure 2: Population of Vehicle in Thulamela 
during 2012 – 2021 (Source: eNaTIS, 2020) 

According to Kumar and Tripathi (2014), an 
increase in the growth rate of the vehicular 
population could increase vehicular emissions, 
leading to a spike in ambient air pollution. 

3.2 Vehicle kilometres travelled (VKT) 

The obtained total average kilometre 
covered for the study was 659 km per day. The 
PC accounted for 8%, 25% for HPV, 32% for 
HDV and 35% for LDV. Mean daily VKT for PC, 
HPV, LDV and HDV ranged from 721 200, 
293 100, 2 542 600 and 230 000 km in 2012 to 
1 107 000, 329 800, 3 637 700, 257 300 km in 
2021, respectively (Figure 3). The vehicle 
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population follows this order; PC > LDV > HPV 
> HDV, while the calculated trend for VKT 
ranged from LDV > PC >HPV > HDV. In this 
result, PC has a higher number of vehicles. 
However, LDV has the highest calculated VKT 
among the vehicle types.  

The result obtained for the LDV is in 
agreement with the previous report by Singh et 
al. (2017), while the higher number of PC is also 
similar to studies conducted by Cai and Xie 
(2007) and Progiou and Ziomas (2011). 
According to Cai and Xie (2007) and Lu et al. 
(2017), a high population of PC could be linked 
to an increase in the Gross Domestic Products 
(GDP) due to the affordability of a personal car 
within the study area (Vhembe District 
Municipality, 2019). While the high estimated 
VKT in LDVs could be linked to increment in 
agricultural activities and the establishment of 
small and medium enterprises (SME’s) within 
the area. The distance travelled for PC and LDV 
show an upward trend relationship throughout 
the years (Figure 3). A possible reason for this 
trend could be the increase in the number of 
vehicle owners, demand for transport, vehicle 
affordability, and economic growth. Contrary to 
this, PC and HDV show that the distance 
travelled increases with the years, followed by a 
drastic decline then a steady growth. The 
fluctuation in VKT for these vehicle types could 
be due to the weight of the load, road types, the 
rules assigned to the road and materials used in 
road construction. 

.  

Figure 3: Mean VKT by different vehicle types 

3.3 Vehicle trend analysis 

3.3.1 Trends analysis of total emission by 
each vehicle type  

The contribution to total emission from each 
vehicle type for each year (Figure 4) was 
calculated from 2012 to 2021. The vehicles 
contribution to emission varied due to (i) 
different vehicle types, (ii) vehicle population 
and (iii) kilometres travelled.  

It is evident that LDV is the most significant 
contributor to the total emissions of CO, NOx, 
and SO2 compared to the other vehicle types, 

as shown in Figure 4. Their contribution varied 
from 3 636 tons in 2012 to 5 202 tons in 2021, 
followed by PV. The PV had an emission rate of 
389 tons in 2012 from CO, NOx and SO2, which 
increased in 2021 to 596 tons. The LDV, 
however, does not follow the balanced trend 
shown by the other vehicle types. For HPV and 
HDV, the CO, NOx and SO2 emissions varied 
from 173 and 289 tons to 2021 and 345 tons per 
year, respectively. The highest contribution 
from HPV and HDV was observed in 2015 but 
declined in 2017 and later rose in 2018. The 
fluctuation in emission rate might be due to 
trends of the VKT discussed earlier. 

In 2021, LDV contributes a maximum share 
of pollutants of 82%, followed by PC (9%), HDV 
(6%) and HPV (3%). This shows that LDV 
contributes more to all three vehicular pollutants 
estimated in an area that directly relates to the 
estimated VKT despite its lower population 
when compared with PC.  

 
Figure 4. Total emission trend by each 

vehicle type. 

3.3.2 Annual emission trend 2012 to 2021 by 
all vehicles for different pollutants  

The annual total emission trend of SO2, NOx 
and CO pollutants for all the vehicle types was 
calculated from 2012 to 2021. The estimation is 
based on vehicle population, VKT and emission 
factor of three vehicular pollutants. This is the 
first vehicular emission inventory of SO2, NOx 
and CO pollutants developed for this 
municipality, covering a time dimension of 10 
years. The total emissions of CO, NOx and SO2 
for the study period from all vehicle types were 
32 780, 22 330 and 550 tons, respectively. The 
vehicular emission of each pollutant increased 
but later showed a slight decrease in 2017 due 
to a decrease in vehicle population (Figure 5). 
CO is the chief pollutant constituent in all the 
vehicle types, with LDV as the highest producer. 

The CO emission rate trend was higher 
compared with other pollutants for all vehicle 
types, which was similar to previous studies 
(Cai & Xie, 2007; Singh et al., 2017). The trend 
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of the pollutants for all vehicle types increased 
from 2012 to 2021 for the estimated pollutants 
(Figure 5). In 2021, CO has the highest share of 
56%, followed by NOx (38%) and SO2 (1%), with 
a growth rate of 40%, 41% and 41% for SO2, 
NOx and CO, respectively. In general, LDV, PV 
and HDV were the major vehicle types 
contributing to the total emissions in Thulamela 
Municipality within 2012-2021 with little 
emission from HPVs.  

 
Figure 5. Total emissions estimated for all 

vehicles during the period 2012–2021. 

The LDV and PV categories are responsible 
for most SO2 and CO emissions due to their 
huge population and are found to be major 
polluters. Moreover, LDV and HDV contributed 
the most towards NOX due to their high 
emission factors. This is similar to a study 
conducted by Cai and Xie (2007), where HDV 
also had higher NOx emissions than PV. The 
contributions of emission into the atmosphere 
are very variable and fluctuating due to changes 
in the number of vehicles and emission factors 
of the area.  

4. Conclusions & Recommendations 

For the first time in the literature, a vehicle 
emission inventory for different vehicle types 
was quantified for Thulamela Municipality. The 
VKT future trend was predicted using vehicle 
population, and the multi-year vehicular 
emissions inventories of SO2, NOx and CO 
pollutants were estimated based on the VKT 
and emission factors. The emission trend of the 
pollutants increased between 2012 and 2016, 
later decreased in 2017, then increased in 
2018. Thus, LDV, PV and HDVs are the major 
contributors to emissions of NOx and CO. In 
contrast, LDV and HPV are the main sources of 
SO2 in Thulamela Municipality throughout the 
study period. The results, therefore, indicate 
that vehicles are a significant source of 
pollutants within the area. 

The trend of pollutants requires urgent 
attention because of the adverse impact of 
vehicle emissions on human and environmental 
health. Dispersion modelling of the pollutants 
should be carried out to assess the 
concentration and compare it with the standard. 

The study further recommends that there is a 
need to adopt appropriate mitigation strategies 
for pollution abatement and improvement of air 
quality 
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Atmospheric aerosols have a large influence on global climate through scattering and 
absorbing of electromagnetic radiation, which affect the Earth’s radiative balance. 
Aerosol characteristics, such as size distribution, chemical composition and hygroscopic 
properties are important for improving global climate model projections and for evaluating 
the impact of aerosols on air quality and human health. Coastal locations are complex 
due to mixing between natural and anthropogenic aerosols. This complexity makes it 
difficult to characterize the behaviour of aerosols in a simplified form that is suitable for 
global models and renders it difficult to determine the background concentration that is 
due to natural emissions. In the coastal location of Simon’s Town, False Bay two 
dominant wind directions are present. The opening of False Bay towards the Southern 
Ocean with unlimited fetch from Antarctica provides a unique opportunity to measure 
pristine marine air masses from a south-easterly direction. The north-westerly wind flow 
passes over the peninsula and contains a strong continental component. Here, we 
present results from a large observational data set from the First European-South African 
Transmission Experiment (FESTER). Aerosol size distributions are analysed and 
discussed in the context of the dominant air mass regimes. A clear distinction can be 
made between the behaviour of natural sea spray aerosols and continental particles in 
Simon’s Town, False Bay.  

Keywords: air masses, natural sea spray aerosols, continental aerosols, size 
distributions.  

1. Introduction  

Atmospheric aerosols have a large influence on 
global climate through scattering and absorbing of 
electromagnetic radiation, which affect the Earth’s 
radiative balance (Haywood and Boucher 2000). 
Atmospheric aerosols also have an influence on air 
quality (Paton-Walsch et al. 2018; Feng et al. 2016; 
Yang et al. 2020) and human health (Davidson et al. 
2005).  

Despite numerous studies at different locations 
(Van Eijk et al. 2016b), the uncertainties surrounding 
atmospheric aerosol characteristics (e.g., size 
distributions, chemical composition, hygroscopic 
properties, etc.) remains a challenge (Alonso-Blanco 
et al. 2018). The characterisation of aerosols in 
coastal areas is particularly challenging due to the 
mixing of emission types (e.g., dust, urban 
pollutants, and ocean emissions) (Paton-Walsh et al. 
2018) and complex meteorology (e.g., land-sea 
breezes) (Freeman et al. 2017).  

Marine aerosols form part of the abundant natural 
aerosol species found in coastal areas (Gaston et al. 
2018) and consist of primary sea spray (i.e., mixed 
sea salt and organics) and secondary aerosols. The 
interaction between wind and waves on the ocean 
surface leads to the emission of primary sea spray 
aerosols. An increase in wind speed leads to an 
increase in the wave action (Andreas et al. 1995; 
Ross & Cardone 1974) and sea spray aerosols are 
released as film drops or jet drops (Monahan et al. 
1983), with a typical size range of 0.1 – 10 µm. At 
wind speeds of more than 11 m.s-1 (Andreas et al. 
1995), the wind tears droplets off the wave crests to 
produce spume droplets (> 20 µm) (Andreas et al. 
1995; Anguelova et al. 1999; Veron et al. 2012). 
Thus, sea spray production scales with wind speed, 
and to first order, an increase in wind speed results 
in an increased concentration of sea spray aerosols 
over a range of sizes. 
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The meteorology at coastal sites allows air 
masses that contain aerosols generated over land to 
be advected to the coast (Yang et al. 2020). For 
convenience, we will refer to aerosols generated on 
land (natural or anthropogenic) as continental 
aerosols, to underline that their production is on land 
and not over the sea. Coastal atmospheres are also 
impacted by local cities, which are associated with 
high levels of pollution (Molepo et al. 2019). In 
offshore flow conditions, these continental aerosols 
are transported away from their production zones, 
dispersing more rapidly in high-wind conditions 
(Piazzola et al. 2013). The concentration of 
continental aerosols thus decreases with wind speed 
when the air flows out over the sea, where no 
production of continental aerosols takes place.  

The present study addresses the mixing of 
continental and marine aerosol sources and the 
complex meteorology in coastal areas using the 
unique orography and location of False Bay, South 
Africa. The opening of the bay towards the Southern 
Ocean allows for clean marine air masses to enter 
the bay and reach the coastal measurement site of 
Simon’s Town during times of south-easterly flow 
(February et al. 2021). The other dominant wind 
direction of north-westerly flow passes over the 
Cape Peninsula and allows for continental aerosols 
to be brought to the Bay.  

The lack of observational aerosol data in the 
Southern Hemisphere (Seinfeld et al. 2016) is also 
addressed with this study where aerosol 
measurements were acquired in Simon’s Town 
during the First European-South African 
Transmission Experiment (FESTER) from April 2015 
to January 2016 (Van Eijk et al. 2016a; Eisele et al. 
2016). This extensive data set is used to determine 
the effect of wind speed on the aerosol 
concentrations. Two case studies, representative of 
the south-easterly and north-westerly flows will be 
discussed. The behaviour of aerosol concentrations 
as a function of changes in wind speed will be used 
to characterize clean marine air and continental (i.e., 
polluted) air masses, respectively.   

2. Methods 
2.1 Study site  

False Bay (Figure 1) is a horseshoe-shaped bay 
at the southern tip of the African continent with its 
opening towards the Southern Ocean. The 
topography of the bay includes the mountainous 
Cape Peninsula on the west and the south coast of 
South Africa on the east. To the north of the bay 
there is a sandy plain. The unique orography and 
location of False Bay lead to two dominant wind 
directions of south-easterly (blue arrow in Figure 1) 
and north to north-westerly (red arrows in Figure 1) 
(Pfaff et al. 2019).  

 
Figure 1. Google image of False Bay with the terrain 

overlayed. The aerosol samplers were located in 
Simon’s Town at 34°11’S, 18°26’E (red X). The 

dominant wind directions are indicated by the arrows 
(blue for south-easterly and red for north-westerly).  

The aerosol measurement site was located at the 
water’s edge in Simon’s Town, situated on the inside 
of the Cape Peninsula. Two Classical Scattering 
Aerosol Spectrometer Probes (CSASP–100-HV and 
CSASP–200; Particle Measuring Systems (PMS), 
Colorado, USA) were installed at a height of 
approximately 3 m above sea level with the inlets 
facing in an easterly direction. Meteorological data 
were acquired at the Roman Rock lighthouse ~2 km 
from the aerosol probes (indicated by the red R in 
Figure 1).  

2.2 Analytical procedures 

Aerosol particle concentrations were measured 
from April 2015 to January 2016 and a total of 16 568 
files were created for the full duration of the FESTER 
experiment. Each aerosol data file contained the 
concentrations for each size bin averaged over 15 
minutes coupled with the meteorological conditions. 
The combined spectrum of the two probes spanned 
a particle diameter (D) range of 0.21 – 45 µm, 
distributed over 91 size bins. During post-
processing, the resulting concentrations were fitted 
to a 5th order polynomial to create a particle size 
distribution (PSD) spanning the 91 size bins. In 
addition, aerosol concentrations were expressed as 
dN/dD and normalized to 80% relative humidity by a 
growth factor given by Equation 1 (Fitzgerald 1975).  

 𝐺 = 0.81 ∗  𝑒(0.066∗
𝑅𝐻

100
)/(1.058−

𝑅𝐻

100
)
 (1) 

In accordance with the dominant wind directions 
depicted in Figure 1, the aerosol data were grouped 
according to specific wind sectors. For the south-

easterly flow a wind sector of 120° – 155° was 

selected. This sector corresponded to clean marine 
air masses with no continental influence. The other 
dominant wind direction was from north-west and a 
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sector of 290° – 30° was selected. This sector 

corresponded to air flow over the Cape Peninsula 
with continental influence, as well as a short distance 
over water to the measurement site. A mixture of 
marine and continental aerosols could thus be 
expected in this sector.  

The winter period from 12 June to 24 July 2015 
was selected for the analysis. During this period 8 
timeframes of north-westerly flows were identified of 
which one will be presented to illustrate the effect of 
the north-westerly flow on the aerosol size 
distributions. There were also 8 timeframes of south-
easterly flow during this winter period and one case 
study will be presented to illustrate its effect on the 
aerosol size distributions.  

To determine the history of the air masses 
entering False Bay, HYSPLIT (Draxler et al. 2017; 
Stein et al. 2015) was used to generate 72-hour air 
mass back trajectories. The starting height was 
100 m and the vertical motion was set to 0 for the 

calculations. A surface flow (indicated by the height 
values) is likely to acquire sea spray aerosols when 
moving over the ocean and natural (dust) particles 
when moving over the continent. Anthropogenic 
(pollution) aerosols from industrial outlets may be 
acquired over the continent when the air mass 
moves aloft. 

3. Results 

3.1 Case study 1: clean marine 

The case study that was chosen as 
representative of clean marine air conditions was 
from 20 – 23 July 2015. Figure 2 indicates the local 
meteorological conditions where a sustained south-
easterly (around 150°) wind was blowing for the 
duration of the case study from 20 – 23 July 2015. 
The wind speed increased from about 12 m.s-1 to 
above 20 m.s-1 before it decreased again to 10 m.s-1 
at the end of the case study (Figure 2).  

 
Figure 2. Wind speed (solid line left axis) and wind direction (dotted line right axis) for 18 – 24 July 2015. The blue 

circle indicates an average wind speed of 14 m.s-1, the red circle an average wind speed of 18 m.s-1 around the 
peak and the green circle an average wind speed of 14 m.s-1 during the decrease. The vertical black lines indicate 

the period (20 – 23 July) of the clean marine case study (February et al. 2021).  

Prior to the case study (19 July), a weak north-
westerly flow led to a modest influx of continental 
aerosols and limited air-sea interaction at an 
average wind speed of 4 m.s-1.  The wind direction 
then changed, which marked the start of the case 
study. The wind speed increased abruptly to 14 m.s-1 
and maintained this average speed for about 10 
hours. Thereafter the wind speed steadily increased 
and led to increased wind-wave interaction in the bay 
and in front of the probes. Towards the end of the 
case study there was a steep decrease in the wind 
speed (Figure 2).  

The history of the air mass indicated by the 
HYSPLIT back trajectory (Figure 3) corroborates the 
local meteorological conditions. In the three days 
prior to 23 July 2015, the air mass was coming from 
the deep south, close to Antarctica, which is about 

4000 km from the measurement site. For the 
duration of the case study, the air mass travelled 
over water only and acquired clean marine aerosols 
before it entered False Bay through the opening. 

To characterize the behaviour of the aerosols 
during this case study, the particle size distributions 
were analysed. Figure 4 shows representative 
particle size distributions for the case study of 20 – 
23 July 2015. The solid blue line corresponds to the 
10-hour time frame at the beginning of the case 
study with an average wind speed of 14 m.s-1. The 
red dashed line corresponds to the timeframe when 
the wind speed attained an average value of 18 
m.s-1. A clear increase in aerosol concentration 
(typical sizes.  The green dotted line corresponds to 
the end of the case study, when the wind speed 
decreased to an average value of 14 m.s-1. The 
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aerosol concentrations show a slight decrease with 
the decrease in wind speed. standard deviation is 
~0.5 log units) with the increase in wind speed is 
observed for all the aerosol  

Air masses that arrive at the measurement site 
from a north-westerly direction, are assumed to have 
travelled over the continent and acquired continental 
aerosols. These continental aerosols can be of 
natural or anthropogenic origin and therefore 
referred to as continental mixed aerosols. The case 
study that was chosen as representative of 

continental mixed air conditions was from 12 – 14 
June 2015.  

The local meteorological conditions (Figure 5) 

indicate a north-westerly (between 300° – 350°) flow 

for the duration of the case study from 12 – 14 June 
2015. The wind speed increased from about 1 m.s-1 
to ~12 m.s-1 before it decreased to 4 m.s-1 and 
increased again to 8 m.s-1 at the end of the case 
study (Figure 5). The north-westerly flow continued, 
but the time frame of the case study was restricted 
by the availability of the aerosol data.  

 

Figure 5. Wind speed (solid line left axis) and wind direction (dotted line right axis) for 12 – 19 June 2015. The 
blue circle indicates an average wind speed of 5 m.s-1, the red circle an average wind speed of 10.5 m.s-1 and the 

green circle an average wind speed of 4 m.s-1. The vertical black lines indicate the period (12 – 14 June) of the 
continental mixed case study.  

Figure 4. Particle size distributions for average wind 
speeds of 14, 18 and 14 m.s-1 from circled areas in 

Figure 2 for the case study of 20 – 23 July 2015 with 
clean marine air masses. (February et al. 2021) Figure 3. 72-hour Hysplit back trajectory for 23 July 

2015 at 02:00. The height of the air mass is indicated 
in meters at the bottom. (February et al. 2021) 
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The 72-hour HYSPLIT back trajectory (not 
included) shows that the air mass was moving in a 
straight west-east direction over the Atlantic Ocean 
in the three days prior to the case study and then 
travelled over the Cape Peninsula (continent) to 
reach the measurement site (Figure 6). The bottom 
panel of Figure 6 reveals that the air mass always 
remained below 100 m, implicating a surface flow 
with a strong possibility of acquiring sea spray and 
continental mixed aerosols. 

 
Figure 6. 12-hour Hysplit back trajectory for 14 

June 2015 at 08:00. The height of the air mass is 
indicated in meters at the bottom. 

Figure 7 shows the particle size distributions 
during the NW flow of 12 – 14 June 2015. The solid 
blue line is the distribution during an average wind 
speed of 5 m.s-1, approximately 5 hours after the 
start of the case study. An increase in wind speed to 
an average value of 10.5 m.s-1 occurred and the 
corresponding distribution is shown by the red 
dashed line. A decrease in aerosol concentration is 
observed with the increase in wind speed. The green 
dotted line corresponds to the decrease in wind 
speed to an average value of 4 m.s-1. A clear 
increase in aerosol concentration is observed with 
the decrease in wind speed (Figure 7).  

 
Figure 7. Particle size distributions for average wind 

speeds of 5, 10.5 and 4 m.s-1 for the case study of 12 
– 14 June 2015 with continental mixed air masses. 

4. Discussion 

4.1 Clean marine air masses 

From the HYSPLIT back trajectory in Figure 3 it 
is clear that the air masses originated in the deep 
south and remained over the water until it arrived at 
the measurement site. It would take an air mass 
approximately 3 days to travel a distance of about 
4000 km from Antarctica at a wind speed of roughly 
15 m.s-1. Therefore, we conjecture that the air mass 
contained clean marine aerosols for the duration of 
the case study from 20 – 23 July 2015.  

At the beginning of case study 1, the 10-hour 
period at an average wind speed of 14 m.s-1 allowed 
for continuous generation of sea spray aerosols. The 
further increase in wind speed to an average value 
of 18 m.s-1 led to more wind-wave interaction and 
therefore an increase in sea spray aerosol 
concentration was observed in the size distribution 
in Figure 4. Previous studies (De Leeuw et al. 2011; 
Gantt et al. 2011; Piazzola et al. 2003; Van Eijk and 
De Leeuw 1992) also noted an increase in sea spray 
concentration with an increase in wind speed, but 
primarily in the coarse size fraction (>1 µm). Our 
observation of an increase in the concentration 
across the size spectrum including the submicron 
sizes, is therefore an indication of the purity of the 
marine air mass from the south.  

The slight decrease in aerosol concentration with 
the decrease in wind speed (from red dashed line to 
green dotted line in Figure 4), is attributed to the 
short timeframe of the decrease. We further 
hypothesize that an accumulation process takes 
place in False Bay because the air mass from the 
south-easterly direction cannot freely exit the Bay 
due to the Table Mountain complex. Also, the sea 
spray generation process remains active at 14 m.s-1 
and sea spray aerosols are still injected into the air 
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mass inside the Bay. The production and 
accumulation thus counterbalance the expected 
rapid fall-out of the aerosols that typically happens 
following a decrease in wind speed (Smith et al. 
1991).   

4.2 Continental mixed air masses 

For the north-westerly flow of case study 2, the 
air masses originated from the Atlantic Ocean and 
remained close to the surface (Figure 6), increasing 
the possibility of acquiring marine aerosols. The air 
masses then crossed the continent and continental 
aerosols were added to the air masses. It is thus 
expected that the north-westerly air masses arriving 
at the measurement site contain a mixture of marine 
and continental aerosols. Unlike case study 1, the 
generation of sea spray aerosols was interrupted 
when the air masses travelled over the continent and 
the marine component could not be sustained.  

According to the local wind parameters (Figure 
5), the wind speed at the beginning of case study 2 
was low (5 m.s-1) which inhibited the generation of 
sea spray aerosols over the local stretch of water 
near the measurement site. Hence, it was inferred 
that the continental fraction would be more dominant 
in the air mass. This inference was confirmed by the 
decrease in the submicron aerosol concentration 
with an increase in wind speed (Figure 7). 
Continental aerosols are more effectively dispersed 
away from their sources with the increase in wind 
speed. A negative slope was obtained during the 
regression analysis of wind speed and aerosol 
concentration and attested to the strong presence of 
the continental fraction in the air masses. This is an 
opposite behaviour than that observed with case 
study 1 and confirms the dominance of the 
continental mixed aerosols.  

As the wind speed subsides to an average value 
of 4 m.s-1 (green dotted line Figure 7), the vertical 
and horizontal dispersion of the continental mixed 
aerosols are inhibited and hence an increase in the 
aerosol concentration across the size spectrum is 
observed. It should be noted that the higher 
concentration of the continental mixed aerosols did 
not exceed that of the sea spray aerosols during the 
clean marine air mass conditions.  

5. Conclusions  

The unique orography and location of False Bay 
in South Africa allow for a clear distinction between 
two types of atmospheric aerosol loading at the 
coastal site of Simon’s Town. The two dominant wind 
regimes of south-east and north-west correspond to 
clean marine air masses and continental mixed air 
masses. A difference in behaviour of the natural sea 
spray aerosols and the continental aerosols was 
observed in size distributions with the change in wind 
speed. An increase in wind speed produced an 

increase in sea spray aerosols, while an increase in 
wind speed led to lower aerosol concentrations in the 
continental mixed air masses.  

According to this study, the coastal location of 
Simon’s Town experiences clean marine air during 
the south-easterly flow and continental mixed air 
during the north-westerly flow. Even though the 
continental mixed aerosols may contain 
anthropogenic (pollution) particles, the concentration 
levels of the continental mixed particles do not 
exceed that of the clean marine aerosols.  
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Eskom produces ~36 million tons of ash annually, of which 90% is fly ash. Only 7% of 
the ash is valorised, much lower than the global average of ~55%. As a Portland cement 
substitute, geopolymer production from fly ash presents an opportunity to upcycle this 
underutilised resource. Geopolymers require significantly lower energy inputs than 
cement production and, on average, emit 0.45 kg of CO2 per kg, whereas cement 
production emits 1 kg CO2 per kg. To date, there has been limited research on 
geopolymers using South African fly ash as a feedstock. Specifically, the formulations of 
alkaline activator (a sodium silicate and sodium hydroxide mixture) required to produce 
geopolymers of the required strength and durability at competitive cost need to be 
determined. The overall aim is to develop a cost-effective geopolymer formulation using 
South African power station fly ash as a housing building material. Phase one determines 
the sodium silicate to sodium hydroxide ratio required to produce the target geopolymer 
strength and crystalline properties. The variables studied were sodium hydroxide 
concentrations, curing age (3, 7 and 28 days) and curing temperature (21 and 80ºC). 
The ultimate compressive strength increases by 32% with sodium hydroxide 
concentration from 10 M to 15 M. A sodium silicate to sodium hydroxide ratio of 2.5 
performs notably better than a ratio of 1.5. Curing at an elevated temperature significantly 
increases geopolymer strength compared to curing at ambient temperatures. The 
optimum geopolymer formulation was made using 15 M sodium hydroxide, the highest 
sodium silicate to sodium hydroxide ratio (2.5) and cured at 80⁰C for 6 hours. This 
investigation shows that geopolymers produced from coal combustion fly ash have the 
required properties to substitute for Portland cement, with significant reductions in energy 
and greenhouse gas emissions. 

Keywords: Geopolymer, fly ash, alkaline activator, cement. 

1. Introduction  

South Africa is the seventh-largest coal producer 
globally and contributes 3.5% of the world’s coal 
reserves (Index Mundi, 2020). South Africa’s 
electricity is primarily produced from coal in coal-
fired power stations due to the large coal reserves, 
estimated at 53 billion tons (Eskom, 2016) and lack 
of comparable alternatives. Such strong 
dependence on coal results in the coal energy 
industry accounting for 80% of greenhouse gas 
emissions in South Africa (McSweeney & Timperley, 
2018).  

Fly ash is recovered from the flue gas stream in 
coal power stations through bag filters and 
electrostatic precipitators. It is a waste product that 

remains a major concern in coal combustion for 
electricity production since most of it is discarded in 
large dumps or slurry dams (Eskom, 2016). 

On average, Eskom produces approximately 36 
million tons of ash from 120 million tons of coal 
consumed (Eskom Rotek Industries, 2021), of which 
90% is fly ash (Eskom Rotek Industries, 2021). In 
2020, 31 million tons of ash was produced, with 4.3 
million tons beneficiated. 

Eskom sells on average 7% of ash produced 
(Department of Environmental Affairs, 2018), which 
is significantly lower than the global average of 55% 
(Rycroft, 2017). This presents an opportunity to 
research the use of fly ash as a raw material for fly 
ash-based geopolymers that function as a refractory 
and building material to construct cost- and thermally 
efficient dwellings.  
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A co-benefit of using fly ash to produce 
geopolymers that can be applied as low-cost 
building materials is that it can lower the CO2 
emissions related to cement production. Cement 
production is energy-intensive and a large 
contributor to global warming and climate change 
due to its significant carbon footprint. About a 
kilogram of CO2 is emitted for each kilogram of 
cement produced, translating to approximately 3 to 
4 billion tons of global CO2 emission annually 
(Chandler, 2019). The production of fly ash-based 
geopolymers generally have an emissions range of 
0.1 to 0.8 kg of CO2 per kg of geopolymer produced 
depending on the mixture used (Witherspoon et al., 
2009) 

A geopolymer is an amorphous aluminosilicate 
cementitious material (Abdullah et al., 2011) that has 
similar binding performances as Portland cement 
(Zhuang et al., 2016). Geopolymerisation is, 
therefore, the process of alkali activation of the 
aluminosilicate to create a geopolymer. 
Geopolymerisation depends on the ability of the 
aluminium ion to induce chemical changes to the 
silica backbone of the aluminosilicate (Abdullah et 
al., 2011). The reaction produces a three-
dimensional polymeric chain and ring structure 
containing Si-O-Al-O bonds (Patankar et al., 2015).  

The reactions that occur during 
geopolymerisation are complex and not well 
understood. However, a simplified version of the 
process can be summarised (Zhuang et al., 2016): 

• The fly ash decomposes, and the Si and Al 
atoms dissolve by the action of hydroxide ions 
(alkali activation). 

• The silica and alumina species nucleate and 
form aluminosilicate oligomers. 

• Through oligomerisation, the polysialate 
framework is formed. The sialate network 
consists of SiO4 and AlO4 tetrahedra linked by 
sharing oxygen atoms. 

• The framework polymerises, and a geopolymer 
paste is formed. 

• The paste cures, and the geopolymer concrete 
is produced. 

Curing at elevated temperatures, especially for 
long periods (6 hours – 28 days), promotes a denser 
geopolymer. Higher temperatures during curing 
increase the compressive strength since water is 
removed, resulting in fewer pores and a denser 
structure (Zhuang et al., 2016). Excessive curing at 

temperatures higher than 80 C breaks down the 
granular structure of the geopolymer and results in 
dehydration and shrinkage, which decreases the 
compressive strength.  

 This study represents a first step towards 
developing a geopolymer formulation based on 

South African power station fly ash that would be 
suitable for producing a cost-effective building 
material based on the valorisation of a current waste 
stream. According to The Masonry Advisory Council, 
the minimum 28-day compressive strength for 
concrete blocks is 13 MPa. However, the average 
concrete block has a strength of 24 MPa (Turnbull 
Masonry, 2019). The geopolymer strength results 
should be comparable to concrete blocks to qualify 
as a viable replacement for concrete.  

Accordingly, the study aims to develop an 
effective sodium silicate-based alkaline activator that 
would enable the environmentally friendly and cost-
effective production of high-quality geopolymer 
building materials based on South African power 
station fly ash. The performance of the geopolymers, 
measured primarily by compressive strength, will be 
discussed in the paper.  

2. Methods 

2.1 Starting materials 

2.1.1 Dry materials 

The dry materials used are fly ash and fine and 
coarse aggregates. The fly ash used is sourced from 
the Kriel power station in Mpumalanga. This ash is 
chosen because it has a relatively high calcium 
content (~6.1 wt%), which positively affects 
compressive strength.  

The fine and coarse sand aggregates are 
crushed limestone and river sand, respectively. The 
coarse to fine sand ratio used is 70:30. The particle 
size distribution graphs are illustrated in Figure 1.  

 
Figure 1. Aggregate particle size distribution. 

2.1.2 Alkaline activator 

The activator is a mixture of sodium hydroxide 
and sodium silicate. The purity of the sodium silicate 
is 37.5%, and a sodium hydroxide solution is made 
at concentrations of 10 and 15 M., The amount of 
alkaline was kept constant in each sample while the 
silicate to hydroxide ratio was varied between 1.5, 2 
and 2.5.  
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2.1.3 Demoulding oil 

Demoulding oil was applied to the moulds to 
prevent the geopolymer from sticking to the mould. 
The oil is made up of petroleum and naphthenic oil.  

2.2 Geopolymer formulation  

The geopolymer is manufactured according to 
the following steps: 

2.2.1 Activator basis 

An activator basis of 200 g/dm3 is assumed, 
resulting in a strong, workable and cost-efficient 
geopolymer (Pavithra et al., 2016). 

2.2.2 Activator to fly ash ratio 

The activator to fly ash ratio is calculated based 
on the target 28-day compressive strength. As 
shown in Figure 2, the target strength in the study is 
30 MPa. This correlates to an activator to fly ash ratio 
of 0.5 (Phoo-ngernkham et al., 2018).  

 
Figure 2. Activator to fly ash ratio determination 

based on target strength. 

2.2.3 Fly ash content 

The amount of fly ash required is calculated using 
Equation 1. This is calculated using the activator 
amount in Step 1 and the activator to ash ratio in 
Step 2. 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑙𝑦 𝑎𝑠ℎ =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟

𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟 𝑡𝑜 𝑓𝑙𝑦 𝑎𝑠ℎ 𝑟𝑎𝑡𝑖𝑜
  (1) 

2.2.4 Activator composition 

Since the total amount of activator is 200 g/dm3, 
the amount of activator for each silicate to hydroxide 
ratio is shown in Table 1. 

The volume of the geopolymer being made is 
according to the volume of the mould. In this study, 
the mould is a cylindrical shape with an inner 
diameter and length of 45 mm. The volume of the 
geopolymer is therefore 72 cm3. 

Table 1. Activator composition per silicate to 
hydroxide ratio. 

Silicate: Hydroxide 1.5 2 2.5 

Sodium silicate (g) 8.6 9.5 10.2 

Sodium hydroxide (g) 5.7 4.8 4.1 

Sum (g) 14.3 14.3 14.3 

2.2.5 Aggregate content 

The aggregate content is calculated using 
Equation 2.  

𝑉𝑜𝑙𝑔𝑒𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =  𝑉𝑜𝑙𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 + 𝑉𝑜𝑙𝑓𝑙𝑦 𝑎𝑠ℎ +

𝑉𝑜𝑙𝑁𝑎𝑂𝐻 + 𝑉𝑜𝑙Na2SiO3 + 𝑉𝑜𝑙𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑎𝑖𝑟   (2) 

Assuming an entrapped air volume of 2% 
geopolymer, the total volume of aggregates is 0.47 
dm3. 

2.2.6 Aggregate composition 

The coarse to fine sand ratio chosen is 70:30. 
The amounts for each of the dry products are shown 
in Table 2.  

Table 2. Dry products composition. 

Product Fine 
aggregates 

Coarse 
aggregates Fly ash 

Amount (g) 20.1 46.9 28.6 

2.2.7 Workability 

Once the activator and dry product are mixed 
individually, they are combined, and 5 ml of water is 
added for workability purposes. 

2.2.8 Mould preparation 

The moulds are prepared by coating the inside of 
the tube with demoulding oil. 

2.3 Curing 

One set of geopolymer is cured at 21ºC until 
strength testing, while the other is oven cured at 
80ºC for 6 hours and then at 21ºC until strength 
testing.  

For 21ºC curing, the geopolymers are placed in a 
room kept at that temperature using an air 
conditioner (climate controlled). The samples are 
wrapped in a plastic bag to prevent any 
contamination from occurring before strength 
testing. 

2.4 Compressive strength testing 

For compressive strength testing, a manually 
operated press was used. The press is a Cube 
Press- Foote test manufactured by Concrete Testing 
Equipment and has a maximum load of 150 kN. The 
samples were crushed at a 15 kN/min rate, which is 
the standard for concrete units. 
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The press requires the samples to be parallel on 
both ends to ensure an even load distribution. 
Samples were sanded down using a grinder to 
achieve parallel surfaces. Polystyrene foam pads 
were placed on either side as a further precaution to 
even the load distribution. 

2.5 Sample preparation and 
characterisation 

In preparation for X-ray Diffraction (XRD), X-ray 
Fluorescence (XRF), Thermogravimetric (TGA) and 
Fourier Transform Infrared (FTIR) analyses, the 
samples were crushed to a particle size below 150 
µm using a porcelain mortar and pestle. Following 
crushing, the geopolymer is sieved to ensure the 
correct particle size distribution. These analyses are 
currently being conducted, and results are not 
available, except for the TGA results.  

2.6 TGA 

The TGA machine used is an SC-TGA 
Instrument- SDT Q600 supplied by TA Instruments. 
The following specifications were used: 

• Gas type: Argon 

• Gas flow rate: 100 ml/min 

• Heating rate: 10.3 mW 

• Temperature range: 15 – 900ºC 

• Mass of sample: ~ 18 mg 

• Sample particle size: < 150 µm 

After the experiment, the samples are cooled by 
introducing compressed air into the heating 
chamber, flushing the system until the temperature 
is below 50ºC. 

3. Results 

3.1 Compressive strength  

Compressive strength is the ability of a material 
to withstand compressive stress. This is an 
important and useful property in construction 
material as these materials are intended to resist 
stress.  

3.1.1 Repeatability 

Before manufacturing the core samples for the 
study, ten samples were made to ensure that results 
were repeatable. The ambient condition cured 
samples were manufactured using a 15 M sodium 
hydroxide concentration and 1.5 silicate to hydroxide 
ratio. The 7-day compressive strength results are 
illustrated in Figure 3. 

 
Figure 3. Repeatability test compressive strength 

results. 

Statistical analyses of the compressive strength, 
density and mass of each sample is shown in Table 
3. 

Table 3. Repeatability statistical analysis on 
strength, density and mass. 

Silicate : 
Hydroxide 

Strength 
(MPa) 

Density 
(kg/m3) 

Mass  
(g) 

Mean 5.61 2008 104 

 Std. Dev. 0.49 18.2 1.20 

Coef. Var. 0.088 0.009 0.012 

Variance  Low Low Low 

The variance is determined to be low, as the 
coefficient of variance is lower than 1. The results 
indicate that there is low variance between the 
samples. 

3.1.2 Core strength results 

Table 4 depicts a sample labelling guide that 
specifies the sodium silicate to sodium hydroxide 
ratio and curing conditions of each sample. Samples 
A, B and C were cured in an oven at 80ºC for 6 hours 
and stored at 21ºC until strength testing, while 

samples D, E and F were immediately stored at 21C 
until strength testing. 

Table 4. Sample labelling guide indicating silicate 
to hydroxide ratio and curing conditions. 

Sample name Silicate : Hydroxide Curing conditions 

A 1.5 80ºC, 6 hours 

B 2.0 80ºC, 6 hours 

C 2.5 80ºC, 6 hours 

D 1.5 21ºC 

E 2.0 21ºC 

F 2.5 21ºC 

The samples were tested for 3-, 7- and 28-day 
compressive strength. There are two sets of 
samples. The first set was manufactured using a 15 
M sodium hydroxide solution in the activator, while 
the second set was manufactured using a 10 M 
sodium hydroxide solution.  
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The compressive strength results of the first set 
are shown in Figure 4. It can be observed that 
sample C is the best performing geopolymer, 
reaching a 28-day compressive strength of 23 MPa. 
This sample was cured at 80ºC for 6 hours and was 
manufactured using an activator sodium silicate to 
hydroxide ratio of 2.5.  

Sample D, which was cured at 21ºC and 
manufactured with an activator sodium silicate ratio 
of 1.5, performed the poorest of all the samples. The 
28-day strength of this geopolymer was 10.8 MPa. 

 
Figure 4: Compressive strength results for nNaOH = 15 M. 

Similar trends are seen in the sample set with a 
10 M sodium hydroxide solution in the activator 
(Figure 5). Sample C achieved the highest 28-day 
compressive strength results with 15.9 MPa. This is 
equivalent to 66% of sample C in the 15 M sodium 
hydroxide solution results. A notable difference in 
this set to the previous is sample F, which was not 
oven cured, outperforming oven-cured sample A.  

 
Figure 5. Compressive strength results for nNaOH = 10 M. 

3.1.3 Result confirmation 

Samples of the best performing geopolymer, 
sample C, with a sodium hydroxide concentration of 
15 M, was evaluated to confirm the initial 
compressive strength results. The strength results 
and statistical analysis is illustrated in Figure 6 and 
Table 5, respectively. The green bars represent the 
initial strength results, while the orange bars depict 
the confirmation sample results. 

 
Figure 6. Strength confirmation results for best-

performing geopolymer. 

Table 5. Statistical analysis of strength results for 

confirmation samples. 

 3 day 7 day 28 day 

Mean 16.6 MPa 18.8 MPa 27.5 MPa 

 Std. Dev. 1.04 0.97 2.15 

Coef. Var. 0.063 0.052 0.078 

Variance  Low Low Low 

The results show a low variance (coefficient of 
variance <1). The most variance is noted in the 28-
day strength results. The confirmation samples are 
notably higher than the original sample, averaging 
27 MPa while the original sample reached 24 MPa.  

3.2 Thermogravimetric Analysis 

TGA of a material is a technique that determines 
the thermal stability as it is heated at a constant rate 
(Rajisha et al., 2011). 

The TGA results for samples A-F are illustrated 
in Figure 7. The results reveal a loss of moisture 
between 0 and 200 ⁰C. The largest weight loss is 
seen in Sample F, which loses 10% of its original 
weight.  

 
Figure 7. Thermogravimetric results for samples 

A-F (nNaOH = 15 M). 

Temperature (ºC)
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4. Discussion 

4.1 Compressive strength  

4.1.1 Set 1 (nNaOH = 15 M) 

Figures 4 and 5 illustrate that higher curing 
temperatures and a higher sodium silicate to sodium 
hydroxide ratio result in a stronger geopolymer.  

Sample C is the best performing sample with a 
compressive strength of 23 MPa at 28 days. This 
sample has the highest sodium silicate to sodium 
hydroxide ratio (2.5) and was cured in the oven for 6 
hours at 80ºC. Sample F, which had the same 
sodium silicate to hydroxide ratio as Sample C but 
was not oven cured, had a 28-day compressive 
strength of 14 MPa. The effect of oven curing for this 
activator composition (2.5) increases the 
compressive strength by 40%.  

Sample B has the closest compressive strength 
to Sample C, 21 MPa. The effect of reducing the 
silicate to hydroxide ratio to 2 while keeping curing 
conditions the same reduced the strength by 11%, 
while reducing the ratio to 1.5 reduced the strength 
by 31%.  

Sample D is the poorest performing geopolymer. 
This sample has the lowest silicate to hydroxide ratio 
(1.5) and was not oven cured. The resulting 28-day 
compressive strength is 16 MPa, 1.8 MPa lower than 
oven-cured sample A, an 11% difference. This 
difference indicates that the silicate to hydroxide 
ratio has a larger impact on the compressive 
strength than curing conditions.  

The overall impact of using oven curing and the 
highest silicate to hydroxide ratio results, i.e. the 
difference between sample C and sample D, leads 
to a difference in compressive strength of 54%. 

Since the minimum compressive strength of a 
concrete brick should be 13 MPa, samples A, B, C 
and F are all viable formulations for concrete brick 
replacements as they have strengths of 16, 21, 23 
and 14 MPa, respectively. 

4.1.2 Set 2 (nNaOH = 10 M) 

The best performing geopolymer in this set is also 
sample C. This sample reaches a 28-day 
compressive strength result of 16 MPa. This is 30% 
lower than sample C in Set 1 and is the only sample 
in the set that is a viable concrete replacement since 
the strength is higher than 13 MPa. The poorest 
performing geopolymer is sample D, further 
demonstrating that elevated curing conditions and a 
higher silicate to hydroxide ratio in the activator 
result in higher compressive strength results. 

Unlike in Set 1, sample F, which is not oven 
cured, has a higher compressive strength than 
Sample A. Sample F and A have 28-day 
compressive strength results of 12.2 MPa and 12 
MPa, respectively. This demonstrates that the effect 

of an increased silicate to hydroxide ratio results in 
comparable compressive strength values as 
samples that have been cured but have a low ratio.  

Set 1 results in higher compressive strengths 
than Set 2 due to the increased sodium hydroxide 
concentration that efficiently breaks down the 
alumina silicate. The increased concentration of the 
sodium hydroxide used affects the degree of 
decomposition of the fly ash and release of Si4+ and 
Al3+ which in turn positively influences the final 
structure of the geopolymer.  

The increase in sodium silicate to sodium 
hydroxide ratio introduces more Si atoms into the 
solution. A high Si:Al ratio increases the number of -
Si-O-Si- bonds that can be formed, which are the 
strongest bonds, instead of Si-O-Al- and -Al-O-Al- 
bonds. The stronger bonds result in a higher 
compressive strength in the geopolymer. In addition, 
a higher ratio results in a finer pore system, 
increasing the compressive strength (Zhuang et al., 
2016).  

Curing at elevated temperatures directly after 
manufacturing releases water results in a less 
porous and dense geopolymer (Zhuang et al., 2016). 
This results in a product that can withstand greater 
compressive stress.  

4.2 TGA 

The weight loss for the samples ranged between 
8 and 10% and is primarily associated with water 
loss.  

The samples that were oven cured (A-C) show a 
smaller weight loss. These samples each lose about 
8% of their original weight. This is because of the 
evaporation of water that occurs when temperatures 
are elevated.  

The first weight loss, which occurs between 30ºC 
and 100ºC, is attributed to water molecule loss 
absorbed from the environment and loss up to 200ºC 
is from free water in the pores of the geopolymer. 
Finally, weight losses at temperatures between 
200ºC and 500ºC are caused by the loss of structural 
and bound water in the nano-pores of the 
geopolymer (Ferone et al., 2013). 

5. Conclusions and recommendations 

5.1 Conclusions 

• The formulation strategy used produces 
repeatable geopolymers and results in 
comparable compressive strength, mass and 
density properties. 

• The strongest geopolymer reaches a 28-day 
strength of 23 MPa. This sample was 
manufactured using a sodium hydroxide 
concentration of 15 M, a hydroxide to silicate 
ratio of 2.5 and was oven cured at 80⁰C for 6 
hours.  
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• When the sodium hydroxide concentration in the 
activator is increased, the overall compressive 
strength increases by an average of 28%. 

• Curing samples at elevated temperatures likely 
decreases the porosity in the samples causing 
them to have a higher compressive strength. 

• An increased sodium silicate to sodium 
hydroxide ratio results in more Si-O-Si bonds in 
the geopolymer and causes higher compressive 
strength. 

• The weight loss during thermogravimetric 
analysis is a result of water loss in the 
geopolymers. Overall weight loss is between 8% 
and 10%. 

• These compressive strength results are 
comparable to average concrete block 
compressive strength figures. Geopolymers are 
therefore viable replacements for concrete in 
terms of strength properties. 

5.2 Recommendations 

• Oven curing for longer periods and at increased 
temperatures should be explored further. 

• The effect of using fly ash from a different power 
station with a lower calcium source content 
should be investigated. 

• Tensile and flexural strength tests should be 
conducted on the samples for more information 
on the mechanical strength of the geopolymers. 
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Diffusive sampling methods have been widely used for monitoring ambient air quality 
concentrations in different environments due to their inherent advantages (e.g., no 
electricity requirements, relative low cost and time-integrated sampling).  Diffusive 
samplers can measure atmospheric gaseous species at a rate controlled by molecular 
diffusion and do not require active movement of air through the sampler. In this study, a 
set of SO2 and NO2 diffusive samplers developed by the IVL Swedish Environmental 
Research Institute were deployed in Ezamokuhle, Mpumalanga. For Eskom’s Air Quality 
Offset Programme, air quality offset interventions to reduce residential fuel burning will 
be rolled out in Ezamokuhle. These diffusive samplers have been tested and validated 
extensively in Southern Africa as part of the Deposition of Biogeochemically Important 
Trace Species (DEBITS) programme. The samplers were distributed across the entire 
region to capture the spatial distribution of pollutants over Ezamokuhle. The diffusive 
samplers were exposed in duplication to ensure reproducibility of the results, and to 
reduce data loss if a sampler suffered interference. In support of the quality assurance 
and control (QA/QC) of the diffusive measurements, a rigorous QA/QC process was 
undertaken. The results of this diffusive measurement campaign demonstrated that the 
spatial distribution of the measured pollutant concentrations were not homogenous 
across the community. This information is critical to support the planning and rollout of 
air quality offset interventions in communities. 

Keywords: air quality offsetting, diffusive samplers, SO2, NO2, Ezamokuhle, Eskom

1. Introduction  

Diffusive sampling methods have been widely 
used for monitoring ambient air quality pollutants in 
different environments due to their inherent 
advantages including no electricity requirements and 
time-integrated sampling (Lai, 2018). Diffusive 
sampling is based on the principle of diffusion. 

Diffusion is the molecular transport of a 
substance and is observed in gaseous, liquid and 
solid media. The forces behind this substance 
transport are differences in concentration, partial 
pressure and temperature. Characteristic of diffusion 
processes is that transport of the substance takes 
place without any apparent flow, i.e. without 
movement of the whole medium. In general, 
diffusion is understood to be the process whereby 

molecules migrate within a system as a result of 
differences in potential (Pienaar et al., 2003).  

During passive sampling the only force behind 
the transport of the substance is the difference in the 
concentration of the substance in the ambient air and 
that on the surface of the collection phase. To 
calculate the amount of substance which has 
diffused within a certain period of time, geometric 
parameters, such as the length of the diffusion path 
over which the concentration differs, and the cross-
section through which a certain amount of substance 
diffuses within a defined period of time, must be 
taken into account. The diffusion process can be 
described mathematically by Fick’s first law of 
diffusion (Giese et al., 2002). 

In this study, a set of SO2 and NO2 diffusive 
samplers were deployed in the township of 
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Ezamokuhle, Mpumalanga (Figure 1). Ezamokuhle 
has been earmarked by Eskom for the rollout of air 
quality offset interventions. This initiative is part of 
Eskom’s Air Quality Offset Programme which aims 
to reduce emissions from local sources, like 
residential fuel and waste burning. 

 
Figure 1. Locality Map for Ezamokuhle, Mpumalanga. 

2. Methods 

2.1 Diffusive samplers used in the study 

This study used a set of SO2 and NO2 diffusive 
samplers that were developed by the IVL Swedish 
Environmental Research Institute. Diffusive 
samplers have been tested and validated 
extensively in Southern Africa as part of the 
Deposition of Biogeochemically Important Trace 
Species (DEBITS) programme (Josipovic et al., 
2011; Pienaar et al., 2003). The design of the 
passive sampler is presented in Figure 2. 

2.2 Diffusive sampling grid in Ezamokuhle 

For diffusive measurement campaign, 8 sampling 
stations were installed in Ezamokuhle (Figure 3). 
The samplers were distributed across the entire area 
to capture the spatial distribution of pollutants over 
Ezamokuhle for a ~3 km by ~3 km grid.  

All 32 SO2 and NO2 diffusive samplers were 
exposed in pairs to ensure reproducibility of the 
results and to reduce data loss if a sampler suffered 
interference. At the 8 monitoring sites, 4 samplers at 
each site were installed mesh- side down in the 
underside of a metal rain shelter, which was affixed 
to a light pole and left in position for a period of 2 
weeks. It must be noted that the two-week temporal 
range of this study is small and may not necessarily 

be representative of the greater range of 
concentrations over time. 

 
Figure 2. IVL Swedish Environmental Research 

Institute diffusive sampler. 

 
Figure 3. Location of diffusive sampling locations 
in Ezamokuhle in the 3 km by 3 km sampling grid. 

2.3 Quality assurance and quality control 

(QA/QC) of the measurements 

In support of the QA/QC of the measurements, 
the following steps were undertaken: 

i. duplicate diffusive samplers for both SO2 and 
NO2 were present at sites in order to assess 
the reproducibility of the measurements 

ii. some of the sites had samplers in place to be 
used as blanks (not impregnated) which would 
serve as a zero check, such that blank 
concentration would be subtracted from 
measured pollutant concentrations as to 
ensure contamination is adjusted for.  

iii. an accredited World Meteorological 
Organization (WMO) atmospheric chemistry 
laboratory with its own quality assurance and 
control measures was used 

iv. for internal quality control purposes, data 
analysis included checking for extreme 
concentrations that prompted the scientific 
flagging of outliers 

v. a two-week campaign was undertaken in order 
to obtain a representative dataset 

Page | 53



vi. a minimum data capture threshold of 90% of 
the time for the campaign, allowing for a failure 
(leakage, theft, vandalism, presence of 
insects) of the diffusive samplers during 10% 
of the time. 

2.4 Analysis of diffusive samplers 

An accredited World Meteorological Organization 
(WMO) atmospheric chemistry laboratory prepared 
and analysed the diffusive samplers. The filers were 
impregnated with a coating solution as shown in 
Table 1. The diffusive sampler was supplied ready 
for use in a sealed container loaded with a filter 
treated for a nominated pollutant gas.  

Table 1. Formulations of the coating solutions for 
diffusive samplers (Josipvic, 2009). 

Sampled Species Coating Solution 

SO2 
0.5 g NaOH in 50 ml methanol 

 (pH<12) 

NO2 
0.44 g KOH + 3.95 NaI in 50 ml 

methanol (pH<12) 

After the SO2 and NO2 diffusive samplers had 
been exposed in Ezamokuhle for the two-week 
period, the impregnated filters were removed and 
analysed for pollutant concentration in the laboratory 
using ion chromatography for SO2 and 
spectrophotometry for NO2. 

3. Results and Discussion 

3.1 Spatial distribution of pollutants in 
Ezamokuhle 

For the purpose of mapping a pollutant, of which 
the SO2 and NO2 concentration were measured at 
the 8 different locations in Ezamokuhle (Figure 3), an 
interpolation was done at the points of a grid that 
cover the studied area. In each point of this target 
grid, an estimation of the concentration was 
calculated using a Kriging algorithm that attaches 
weights to the concentrations measured at the 
sampling points. The basic idea of Kriging is to 
predict the value of a function at a given point by 
computing a weighted average of the known values 
of the function in the neighbourhood of the point 
(Chilès & Desassis, 2018).  

3.1.1 Interpolated SO2 and NO2 concentrations in 
Ezamokuhle 

The spatial distribution of both the SO2 
concentrations and NO2 for the period of monitoring 
are presented in Figures 4 to 7. The measured 
concentrations for both of these pollutants were 
highest at the centre of China 2, dominated by the 
influence of site 2. The diffusive sites positioned 
further away from China 2 measured lower 
concentrations with the lowest concentrations been 
measured at Jabavu. 

 
Figure 4. 3-D Surface map showing the spatial 

distribution of SO2 [μg/m3]. 

 
Figure 5 : Isopleth map showing the spatial 

distribution of measured SO2 concentrations [μg/m3]. 

 
Figure .6. Surface map showing the spatial 

distribution of NO2 [μg/m3]. 

 
Figure 6. Figure 12: Isopleth map showing spatial 

distribution of measured NO2 concentrations [μg/m3]. 

Figure 8 shows time series (mean with 95% 
confidence interval) of ambient SO2 and NO2 

concentrations measured at the Eskom Ezamokuhle 
ambient air quality station for the period 2018 to 
2020.  Whilst SO2 show a typically industrial 
signature with increased ambient air quality 
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concentrations at just around midday due to the 
break-up of an elevated inversion layer it’s evident 
that both SO2 and NO2 are conditioned by non-
buoyant low level localised sources in Ezamokuhle.  
For SO2 there is a second peak that occurs at 18:00 
consistently throughout the week indicating the 

impact of residential fuel burning emission. Due to 
China 2 having a higher density and spatial 
conglomeration of residential fuel burning emission 
sources in comparison to the other areas of 
Ezamokuhle, this contributes to the peak SO2 

concentrations. 

 
Figure 7. Mean pollutant concentrations for 2018 to 2020 in ppb for the Eskom Ezamokuhle air quality station 

calculated for hourly mean during weekdays and a single day, monthly, and daily mean. 

3.2 Comparision of diffusive measurements at 
Ezamokuhle to the National Ambient Air 
Quality Standards (NAAQS) 

For the diffusive measurement campaign, 8 
sampling stations were installed in Ezamokuhle and 
the 36 SO2 and NO2 diffusive samplers were 
exposed for a two-week window. Unfortunately, 
there is not a two-week NAAQS for either SO2 or 
NO2. Thus Beychok (2005) extrapolation was utilised 
to compare the individual diffusive sampler’s (two-
week exposure period) SO2 and NO2 results to the 
applicable NAAQS. 

3.2.1 Extrapolated SO2 and NO2 Concentrations 
for Ezamokuhle 

The extrapolated SO2 and NO2 concentrations 
(Table 1) are well below to the applicable NAAQS 
limits. However, in winter there are elevated levels of 
SO2 and NO2 measured in Ezamokuhle due to the 
impact of residential fuel burning (Figure 8). Thus, as 
this study was conducted prior to winter, the 
extrapolated SO2 and NO2 concentrations (Table 1) 
must be considered on the lower end of the spectrum 
as an extrapolation conducted for a winter set of 

measurement results will yield higher daily and 
annual values. 

Table 2. Extrapolated SO2 and NO2 

concentrations for Ezamokuhle. 

Diffusive 
site 

SO2 daily 
concentration 

(µg/m3) 

SO2 annual 
concentration 

(µg/m3) 

NO2 annual 
concentration 

(µg/m3) 

1 22.1 1.1 0.32 

2 35.6 1.6 0.67 

3 25.3 1.1 0.54 

4 24.8 1.1 0.32 

5 31.7 1.4 0.46 

6 24.4 1.1 0.44 

7 23.6 1.0 0.60 

8 23.7 1.0 0.17 

4. Conclusions  

The objective of this study was to determine the 
ambient air quality concentrations of SO2 and NO2, 
their spatial distributions and assess possible 
exceedance of the NAAQS at Ezamokuhle. For 
diffusive measurement campaign, 8 sampling 
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stations were installed in Ezamokuhle. The samplers 
were distributed across the entire area to capture the 
spatial distribution of pollutants over Ezamokuhle.  
After the SO2 and NO2 diffusive samplers were 
exposed in Ezamokuhle for the two-week period, the 
impregnated filters were removed and analysed for 
pollutant concentration in the laboratory using ion 
chromatography for SO2 and spectrophotometry for 
NO2. 

The results of the diffusive measurement 
campaign have demonstrated that the spatial 
distribution of the measured SO2 and NO2 
concentrations were highest at the centre of China 2 
with the lowest concentrations been measured at 
Jabavu. Thus, it’s recommended, China 2 is 
prioritised in Ezamokuhle for the rollout of air quality 
offset interventions in order to reduce household 
emissions arising from residential fuel burning. 
Whilst the extrapolated SO2 and NO2 concentrations 
were well below the applicable NAAQS limits, it must 
be noted that there will be higher elevated levels of 
these pollutants in winter due to the impact of 
residential fuel burning and winter meteorological 
conditions. 
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The health and well-being of communities in the Gauteng region are affected by the 
spatial and temporal heterogeneity of ambient air pollution due to their exposure to these 
pollutants and the varying levels of vulnerability. These factors all contribute to the 
effectiveness of air quality interventions in communities across the region. Three 
metropolitan municipalities, i.e., the Cities of Johannesburg, Ekurhuleni and Tshwane 
(JET), were selected as case studies to improve the evidence base on air quality and air 
quality management in the Greater Johannesburg Area and to provide recommendations 
on control strategies for air pollution mitigation. Thus, an approach that considers the 
heterogeneity and diverse sources of air pollution and the diverse socio-economic and 
vulnerability characteristics across the JET was followed, using the GAINS integrated 
assessment model. Baseline health data for the study region are needed to assess the 
impacts of air quality and air quality interventions on health in GAINS-GJA. The focus of 
the assessment is on health outcomes related to PM exposure. A multi-pronged 
approach, drawing on multiple sources and stakeholder engagement, was taken 
to assess and source health data. Activities included the collection and review of disease 
and age-specific baseline mortality rates, available information on dose-response 
relationships for exposure to ambient PM2.5, as well as available information on the 
vulnerability of different socio-economic groups. This paper will describe the 
process followed to assess and improve the health data used (e.g., using local data, 
higher spatial resolution) within GAINS and report on some preliminary findings of the 
Vulnerability Assessment. 

Keywords: Health, vulnerability, urban communities, evidence base, air quality 
management, exposure-response function 

1. Introduction  

The WHO estimates that health impacts of air 
pollution have increased with an 8 % growth in global 
population-weighted PM2.5 (an indicator of human 
exposure) observed between 1990 and 2010 
(Brauer et al. 2012). The increase in economic 
activity associated with urbanisation also impacts air 
quality. A reduction in environmental quality could 
affect a city’s liveability, which includes the 
characteristics of the city that contribute to the quality 
of life of its residents and its productivity (Awe et al. 
2015).  

The project aim was to improve, through 
modelled air quality data and routinely collected 
health and social data with robust analytical 
underpinnings, the evidence base on air quality and 
air quality management in the Greater 
Johannesburg Area (GJA). These research 
outcomes will assist in developing appropriate 
recommendations on the most effective control  

strategies to mitigate air pollution and support the 
Department of Forestry and Fisheries and 
Environment (DFFE) and its partner cities in the 
development of an Air Quality Management Plan 
(AQMP) for the three metropolitan municipalities 
within the GJA (i.e. the Cities of Johannesburg, 
Tshwane, and Ekurhuleni (JET). 

The focus of this assessment is on health 
outcomes related to PM2.5 exposure. In addition, it 
includes the development of a Vulnerability Index 
(VI) that will be used later in the project to assess the 
impacts and benefits of air quality interventions as a 
function of socio-economic status and population 
sensitivity.  

2. Methods 

This section describes the different components 
of the process to assess and improve the health data 
used (e.g., using local data, higher spatial resolution) 
within GAINS and its contribution to the evidence 
base for air quality management. 
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2.1 Health outcomes 

The health outcomes that are considered in this 
study are mortality related to: 

i. stroke,  

ii. ischemic heart disease (IHD),  

iii. chronic obstructive pulmonary disease 
(COPD),  

iv. lung cancer,  

v. lower respiratory infections (LRI), and  

vi. diabetes mellitus type 2, as well as  

vii. all-cause mortality. 

Although other health outcomes related to PM 
pollution were also considered, these six causes of 
death represents 41 % of non-accidental mortality 
and 52 % of non-communicable disease plus lower 
respiratory infection mortality globally (GBD 2017 in 
Burnett & Cohen 2020).  They have also been 
included in the current GBD estimates based on the 
strength of the epidemiologic evidence (Burnett and 
Cohen 2020). The study thus focused on collating, 
reviewing, and assessing health data from the six 
health outcomes listed above and from all-cause 
mortality (to represent a worst-case scenario). 

2.2 Health baseline data  

GAINS already has default inputs for these 
outcomes based on international literature such as 
the Global Burden of Disease Studies (GBD, 2019a) 
. Baseline health data for the study region were used 
within GAINS-JET to assess the impacts of the 
simulated air quality and air quality interventions on 
health in the three Metros.  

2.2.1 Disaggregation of health data 

The human health impact in terms of mortalities 
for the selected health outcomes had to be 
downscaled to metro-level with consistent five-year 
age classes to be the same for input into GAINS. 
None of the datasets used were at this spatial 
(metro-level) and age-stratified level. Thus, all 
datasets had to be manipulated in one (or both) of 
the following ways:  

• Spatially downscale to metro-level 

• Disaggregate to consistent five-year age classes 
(i.e. age-stratified). 

2.3 Exposure-response functions 

Exposure-response functions (ERFs) link the 
health endpoints attributed to exposure to air 
pollutant concentration changes (Hassan Bhat et al., 
2021). An extensive evaluation of different 
Exposure-Response Functions (ERFs) used by 
various studies were undertaken. The baseline 
health data assessment showed that only annual 
total mortality data were available. Thus, the ERFs 
assessed were only those using the annual average 

PM2.5 in the exposure assessment. ERFs also 
sometimes distinguish between gender. However, 
due to data limitations, only ERFs for “both” were 
used. The ERFs were assessed for:  

• Relevance to health outcomes with available 
local data: If there were no baseline health data 
available for an outcome, the ERF was not 
considered.  

• Availability of South African-specific vs 
international studies: As population 
characteristics and exposure patterns differ 
across countries, it would be preferable to use 
studies for South Africa. However, there are not 
many studies available. As such, the team then 
considered studies from large international 
studies.  

• Age-stratification: impacts of some causes of 
mortality may vary at different ages  

• Concentration range: Some ERFs are relevant 
only within a particular concentration range due 
to the exposure-response curve not being linear. 

2.4 Vulnerability Assessment 

The spatial and temporal heterogeneity, of 
sources, and of ambient air pollution in the region,  
affects the resultant exposure of communities in the 
region. Together with the varying levels of 
community vulnerability to air pollution, these factors 
determine the risk of associated health impacts 
experienced by affected communities across the 
region. It is important to consider all these elements 
in order to identify appropriate air quality 
interventions  

Thus, to capture and assess this spatial 
heterogeneity, an approach that uses high-
resolution information (as data allow) in spatial 
assessments was followed in this study. This 
included a high-resolution emissions inventory and 
air quality modelling and detailed community-level 
assessments of the population characteristics in the 
study domain.   

Vulnerability information similar to that used in 
the South African Green Book 
(https://greenbook.co.za/) was used to assess the 
population’s vulnerability to air pollution spatially at a 
high-resolution (500 m X 500 m). A proxy dataset, 
used to disaggregate 2018 datasets on metro 
planning regions, was created by combining multiple 
datasets. The proxy dataset consisted of 2018 
residential building-based use points, combined with 
an average household size per dwelling type, and 
2011 Census data for all the vulnerability variables 
on the sub-place level. The average household size 
was used to assign a weight to the various 
residential types. The 2011 Census data were used 
to refine the distribution of each of the weights. The 
final refined weights were multiplied with the values 
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on the planning region level. These values were then 
aggregated to the hexagon layer (i.e., high-
resolution; 500 m X 500 m) by summing the points' 
values in a hexagon cell. The exact process was 
repeated for the 2011 data, but with 2011 datasets 
instead of 2018 datasets. This provided data for a 
range of indicators, some of which were relevant to 
assessing vulnerability to air pollution exposure and 
its associated health impacts.  

The principles outlined in the California 
Environmental Protection Agency’s “Environmental 
Health Screening Tool” (2018) were used to guide 
the choice of indicators. Indicators related to the 
socio-economic status which may affect coping 
ability (e.g., the proportion that is unemployed, that 
are living below the poverty line) and sensitivity (e.g., 
the proportions that are elderly, are children, are 
living in overcrowded conditions) were considered. 
Population characteristics related to population 
sensitivity included the following indicators:  

• the proportion of children (<15 years of age) and 
the elderly (>65 years of age) as their 
physiological systems are respectively 
underdeveloped and declining; 

• the proportion of the population in an area on 
chronic medication as an indication of people 
with existing diseases that may make them more 
vulnerable to air pollution, given that asthma 
data were not readily available; 

• overcrowding as determined by household 
density, where the proportion of the population 
that lives in a house where there are more than 
three people per room, because overcrowding 
may lead to transmission of diseases, including 
respiratory diseases such as tuberculosis 
(WHO, 2014; NHS, 2019), which render them 
sensitive to air pollution; 

• the proportion of people who live in houses 
where no electricity is used for cooking or 
heating, i.e., people who will use domestic fuel 
for cooking and or heating and thus be exposed 
to indoor pollution; 

• the proportion of the population that are not 
South African citizens as a proxy for social 
cohesion.  

Socio-economic status is a social determinant of 
health. It determines the ability to maintain a good 
nutritional status and have better access to health 
care, factors that may influence the vulnerability to 
air pollution (Jia et al., 2018; Fairburn et al., 2019). 
This category may include the following, namely, the 
proportion of:  

• the economically active population that is 
unemployed; 

• people who live below the poverty level per 
person per month; 

• the population that live in informal houses; 

• the population that does not have access to 
refuse removal and may thus be more inclined to 
burn refuse (Haywood et al., 2021).  

The percentage of each indicator as a proportion 
of the total in each hexagon was determined. Each 
of these indicators were then normalised by the 
maximum for the indicator. A score between 1 and 
100 was derived for each indicator for each hexagon 
in the study area. These scores were subsequently 
summed and normalised to represent an aggregated 
population characteristics index or VI for each 
hexagon. This VI does not account for the number of 
people, but rather shows the highest levels of 
vulnerability regardless of population size. In 
addition, as individual indicators and the VI are 
normalised, they are not a quantification of 
vulnerability, but rather show the relative 
vulnerability.  

A population-adjusted score was also created to 
highlight areas with larger numbers of vulnerable 
populations. The 2011 and 2018 indicators were 
summed separately and then multiplied by the 2011 
and 2018 population size, respectively. The two 
indicators were then added, normalised, and 
multiplied by 100 to derive a population-adjusted 
vulnerability score.  

This information will be used in the study to 
assess the impacts and benefits of air quality 
interventions as a function of socio-economic status 
and population sensitivity. 

3. Results 

3.1 Exposure-response functions and 
baseline health data 

An assessment of available ERFs for six causes 
of death, and all-cause mortality, was undertaken. 
The GBD’s Integrated Exposure-Response (IER) 
functions, which are non-linear and become flat at 
higher exposures  (Burnett et al., 2018; Burnett et al., 
2014) were used for the six causes of death (GBD 
2019). For baseline health data, local data sources 
were evaluated. The final data need to be at the city-
level in 5-year age groups (i.e., 0-4, 5-9, 10-14 years, 
etc.). For all causes of death except all-cause 
mortality and ischemic heart disease, the only 
available data were at the national level. These data 
were thus disaggregated to the city-level for each 
Metro, assuming that the city-level mortality rate for 
a disease was the same as the national mortality rate 
from GBD (2019a)..  

3.2 Vulnerability Assessment 

The VI includes indicators that characterises the 
population in terms of population sensitivity and 
socio-economic status. An example of the indicators 
that provide a suggestion of population sensitivity to 
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air quality exposure is physiological vulnerability (the 
proportion of children (those below 15 years of age) 
and the elderly (> 65 years of age) (Error! 
Reference source not found.). Error! Reference 
source not found. shows that, although 
physiological vulnerability is distributed throughout 
the three Metros, areas in the north-west of City of 
Tshwane has the highest relative vulnerability – as 
shown by the blue circle.  

 
Figure 1. Sensitivity indicator: Age-dependency 

An example of the indicators that describes 
socio-economic status and that may, due to a lack of 
service delivery, potentially increase exposure to air 
pollution, was a lack of access to waste removal, 
which may increase the burning of waste (Error! 
Reference source not found.). Areas with the 
highest vulnerability due to a lack of waste removal 
were again distributed across the three Metros 
(shown by the blue circles). Most of these overlaps 
with informal areas. 

The Vulnerability Assessment was conducted by 
summing and subsequently, normalising all the 
individual indicators of population sensitivity and 
socio-economic status. The final VI is shown in 
Error! Reference source not found.. Vulnerable 
areas were distributed across the three Metros 
(shown , with the largest hot spot cluster observed in 
the north-western part of the City of Tshwane. 

 
Figure 2. Socio-economic indicator: No waste 

removal  

4. Discussion 

A vulnerability assessment was performed using 
high-resolution information on various vulnerability 
factors related to air pollution to create a VI. The 
Vulnerability Assessment approach includes factors 
that characterise the population as well as their 
socio-economic status. Vulnerable areas are 
distributed across the three Metros, with the highest 
relative vulnerability found in the north-western part 
of the City of Tshwane. These are informal, lower 
socio-economic areas and the results correspond 
with that of other studies. The resolution of the data 
in this study is, however much higher than in many 
ofhter studies, which enables the identification of hot 
spots which may otherwise have gone unnoticed. 

4.1 Limitations and Data Needs 

There is no consistent methodology for 
Vulnerability Assessment. It is a qualitative method 
that relies on expert judgement as determined by 
available indicators. Vulnerability is relative, i.e., 
comparing the area with the highest vs the lowest 
vulnerability within a particular study area. No 
judgment can therefore be made about absolute 
vulnerability.  
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Figure 3. Vulnerability Index.  

City-level mortality data were not available for 
most of the causes of death considered here, and 
thus national data had to be downscaled to the city 
level. This approach assumes that national mortality 
rates are the same as mortality rates for these 
diseases in the three Metros, introducing some 
uncertainty in the baseline health data. Thus, it is 
recommended that mortality data are regularly 
collected at higher spatial resolution. Age-specific 
data are required for IHD, stroke and all-cause 
mortality. However, local data are not disaggregated 
by age group and age categories had to be 
extrapolated from national data. Again, should age 
disaggregated data at local level becomes available, 
the results should be updated.  

The shape of ERFs contributes to the 
uncertainties of impact estimates. Exposure-
response functions (ERF) related to PM2.5 exposure 
for the relative risk of mortality from all-causes, IHD, 
stroke, LRI, COPD, type II diabetes and lung cancer 
were assessed. As no local studies for the ERFs are 
available, ERFs from international studies were 
used, which contributes to uncertainties in their 
application to a local population. The ERF for all-
cause mortality is based on cohort studies in Europe 
which are not necessarily representative for 
conditions in other parts of the world. It is thus 
recommended that ERFs be updated if local data 

becomes available. However, the ERFs are based 
on the integrated exposure-response function of 
Burnett et al. (2014) with updates as described in 
Cohen et al. (2017). The GBD ERFs also assume 
that the function is globally applicable and that 
toxicity is equal regardless of PM source (Kodros et 
al. 2018). 

5. Conclusions  

Comparative risk will be determined by combining 
the VI and the exposure indicators (signified by 
modelled PM2.5 concentrations), which will be used 
in this project to assess the impacts and benefits of 
air quality interventions as a function of socio-
economic status and population sensitivity.   
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Anthropogenic emissions from industry, biomass burning and traffic are significant 
contributors to the atmospheric loading of nitrogen dioxide on the South African 
Highveld.  These sources are dispersed across the region and emit nitrogen 
oxides (NO and NO2) into the atmosphere at different elevations above the 
surface. Additionally, atmospheric stability in the form of surface and elevated 
inversions decreases the dispersion of air pollutants and stratifies pollutants into 
distinctive layers above the surface. This study explores the Highveld nitrogen 
dioxide concentrations obtained using the ground-based Pandora-2s monitoring 
system. The Pandora instrument derives NO2 densities from the total atmospheric 
column (TC) using direct sun measurements. The surface NO2 levels are 
calculated using the total column concentrations and column to surface ratios. We 
present the first surface concentration measurements of atmospheric NO2 at 
Wakkerstroom, a site between Volksrust and Amersfoort, downstream of major 
source conglomerates, the Majuba power station and other industries. The quasi-
continuous data show elevated surface NO2 levels in week 37 (September) of 
2020 (7.3 ± 5.7 ppb), while the lowest was observed at week 15 (April) of 2020 
(0.2 ± 0.04 ppb), following the average monthly increase from May 2020. Dominant 
emission sources and transport trajectories drive the elevated surface NO2 levels. 
The accuracy of the measurements is based on the high temporal resolution of 
the ground-based Pandora-2s instrument.  

Keywords: nitrogen dioxide, Pandora-2s, plumes, Eskom, Highveld

1. Introduction 

The South African Highveld region, 
characterised by elevations of ~700 - 2000 m above 
sea level, comprises portions of the inland 
provinces, including Mpumalanga (Balashov et al., 
2014; Freiman & Piketh, 2003). Mpumalanga is 
home to approximately ninety-six registered 
stationery facilities that emit pollutants into the 
atmosphere, including most of South Africa’s coal-
fired power stations   
(saaelip.environment.gov.za/ accessed 23rd June 
2021). These emissions and others from 
anthropogenic activities such as domestic biomass 
burning, vehicular emissions, and solid fuel 
combustion result in elevated levels of pollutants, 
particularly sulphur dioxide (SO2), carbon dioxide 
(CO2), particle matter (PM) and nitrogen dioxide 
(NO2) (Alade, 2011; Belelie et al., 2019; Hickman et 
al., 2021; Naiker et al., 2012; Shikwambana et al., 
2020). As a result, there is a persistent pool of 
pollutants in the Highveld atmosphere (Lourens et 
al., 2012).  

Coal-fired power stations produce electricity by 
converting thermal energy, produced through coal 
combustion, into electrical energy (Wang et al., 

2020). During the coal combustion process, which 
accounts for ~65% of the global total NOx emissions 
(Bauwens et al., 2020), nitrogen oxides are 
produced (Scorgie and Thomas, 2006), released 
into the atmosphere (Breeze, 2015), where they 
contribute to the atmospheric chemistry. Therefore, 
the plethora of emissions in the highly industrialised 
Highveld region contributes to the reported 
increased atmospheric levels of nitrogen oxides 
(NOx) (NO + NO2) (Celarier et al., 2008). As a result, 
the Mpumalanga Highveld is known as the major (> 
80%) emission region of nitrogen oxides (NOx) 
(Collett et al., 2010; Department of Environmental 
Affairs (DEA), 2011).  

Atmospheric NO emissions are highly reactive 
and have a distinctive diurnal cycle attributed to 
photolysis reactions (Celarier et al., 2008; Verhoelst 
et al., 2021). In the presence of solar radiation, they 
transform into NO2, which in the presence of volatile 
organic compounds (VOCs) and sunlight, form 
ozone (O3) (Hakkarainen et al., 2021; Wang and 
Hao, 2012), a secondary air pollutant. The rate at 
which O3 is produced from NOx emissions is 
affected by the location and the emission time 
(Wedow et al., 2021). These emissions also play a 
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role in forming secondary organic aerosols (SOAs), 
nitric acid and nitrates (Qi et al., 2020; Verhoelst et 
al., 2021). Therefore, it has been concluded that 
these chemical transformations of NOx contribute to 
the formation of smog and acid rain (Qi et al., 2020; 
Verhoelst et al., 2021). 

In addition to chemical processes, these 
emissions are subjected to various other processes 
linked with meteorological conditions, determining 
their dispersion and transport from the source 
region (Belelie et al., 2019). Ultimately, it has been 
deduced that principal pollutants such as NOx play 
a critical role in indicating regional air quality (Behm 
and Haupt, 2020; Brancher, 2021; Wang and Hao, 
2012; Zyrichidou et al., 2015).  

Therefore, it is important to accurately quantify 
the distributions, trends and cycles of nitrogen 
dioxide levels in the atmosphere, particularly near 
the surface where most of the emissions originate. 
These have been measured from space using low 
Earth Orbit  (LEO) satellites since the 1970s 
(Verhoelst et al., 2021). However, the lack of 
continuous trace gas monitoring data is still a 
concern (de Lange et al., 2021; Omrani et al., 2020; 
Shabbir et al., 2016).  

This study reports on the first near-ground 
(surface) nitrogen dioxide measurements from the 
Pandora-2s in the South African Highveld. Unlike 
the LEO satellites, the Pandora-2s is a ground-
based instrument and measures atmospheric trace 
gases from the bottom-up. In addition to that, it 
provides uninterrupted measurements instead of 
the once-a-day measurements from the current 
satellite instruments. Acquiring and extracting 

accurate atmospheric column trace gas 
measurements in cloudy conditions has always 
been a challenge. This instrument was optimised to 
retrieve nitrogen dioxide column concentrations 
using two viewing geometries: direct sun and zenith 
sky. Data filters and algorithm retrieval methods are 
used in cloudy conditions to perform accurate NO2 
measurements (“NASA Pandora Project,” accessed 
15th September 2021) using zenith sky viewing 
geometry data. The zenith sky viewing geometry 
allows for consistent long-term nitrogen dioxide 
measurements, particularly during the wet season.  

These first-time measurements will be used to 
assess the surface level concentrations of NO2 
downwind the region of major Highveld emissions 
sources, Wakkerstroom in Mpumalanga. We have 
used surface air quality data from three Eskom air 
quality monitoring sites (Kendal, Majuba and 
Elandsfontein) to validate remotely derived NO2 

concentrations. Meteorological variables and 
kinematic backward trajectory analysis are used to 
model near-ground nitrogen dioxide pollutant 
signatures.  

2. Data and methodology 

Four data sets have been used in this study: 
near-surface atmospheric column NO2 from a 
Pandora-2s instrument; surface gas concentrations 
from Eskom’s Majuba, Kendal and Elandsfontein 
monitoring stations; surface meteorological data 
collected at Wakkerstroom; and backward 
kinematic trajectories calculated for Wakkerstroom. 
Details of the data and methods are provided below. 

 
Figure 1: a) A map of Southern Africa and surrounding countries. b) Map of the Gauteng and Mpumalanga 
provinces of South Africa, indicating the site locations where surface nitrogen dioxide concentrations were 
monitored. c) Inset: The Pandora instrument in situ at the Wakkerstroom monitoring site.    
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2.1 Instrumentation 

The Pandora-2s instrument can measure both 
direct-sun and sky radiance in the UV-visible 
spectral region to retrieve atmospheric trace gas 
concentrations (Judd et al., 2019; Zhao et al., 
2020). This instrument employs the zenith-sky 
geometry, which uses a multi-axis differential 
optical absorption spectroscopy (MAX-DOAS) 
technique to retrieve surface nitrogen dioxide 
concentrations (Herman et al., 2009). The DOAS 
principle is based on the differences in the optical 
depth spectrum measured by the Pandora 
instrument to the presence of trace gases within the 
atmosphere (i.e. the difference between the 
theoretical solar spectrum and measured spectrum 
is caused by absorption of trace gas species) 
(Herman et al., 2009). A fully parameterised 
algorithm (which does not require elaborative 
radiative transfer calculations) is then used to 
extract the real-time quasi-continuous surface 
concentration data (Cede, 2021; Tiefengraber et al., 
2021). Quasi-continuous data are discontinuous 
and are characterised by “events” (much higher 
than the average data) in the observations. These 
data are typical of atmospheric trace gas and 
meteorological variables measurements. 

Further details regarding the algorithm can be 
found in (Cede, 2021), while more characteristics of 
the dual spectrometer Pandora-2s instrument can 
be found in Herman et al. (2009) and Zhao et al. 
(2020, 2016). The extracted surface concentrations 
are from within the first 50 m above the ground. 
During winter and autumn, they are monitored 
between 06h00 and 17h00, and 05h00 to 18h00 in 
the summer and spring due to the instrument relying 
on sky radiance for measurements.  

2.2 Surface NO2 data  

The Pandora-2s instrument was primarily 
installed at Wakkerstroom to investigate the 
biogeochemical exchange of trace gases in 
ecosystem function. The site is directly downwind of 
the Majuba Power station and the greater Highveld 
region and is ideally located to detect the high NOx 

emissions and subsequent transport. The Pandora-
2s instrument at Wakkerstroom, Mpumalanga, is 
part of the Pandora Global Network (PGN) (NASA 
Pandora Project, last accessed: 18th September 
2021) (Figure 1). The surface NO2 data from the 
Wakkerstroom site are presented from 1st January 
to 31st December 2020. Although night-time 
measurements were taken using the moon as a 
reference, these data have not been included in this 
initial analysis. Weekly average surface 
concentrations have been calculated from the 
Pandora-2s data set. This provided the best data 
recovery, given missing data for several months. 

Additionally, nitrogen dioxide data from three 
Eskom air quality monitoring sites, namely Kendal, 

Majuba and Elandsfontein in Mpumalanga, are 
presented to provide comparative in-situ surface 
measurements. Elandsfontein is centrally located 
on the Highveld and represents an integrated plume 
from multiple large NO sources. Kendal and Majuba 
monitoring sites are located downwind of the 
similarly named power stations to detect maximum 
surface concentrations (Thomas & Scorgie, 2006). 
Kendal monitoring is also ~30 km southwest of 
Emalahleni, which has low-income townships 
where domestic coal is prevalent (Matimolane, 
2019).  

Data at the three Eskom sites above are 
continuous, with hourly averaging times collected 
between July 2015 and May 2020. In order to create 
comparable data sets, weekly average values were 
calculated from continuous data sets. 

2.3 Data description and acquisition 

The Pandora-2s instrument data are processed 
to produce outputs; the total, tropospheric, and 
surface concentration. Using the column to surface 
ratios, the Pandora total column NO2 
concentrations are used to calculate the surface 
NO2 concentrations (Zhao et al., 2019). Data from 
the Pandonia global network (www.pandonia-
global-network.org/pgn-data/) were cleaned and 
analysed using Rstudio and Excel statistical 
software. Eskom provided the air quality monitoring 
data. 

2.4 Data cleaning  

The data from the Pandora instrument are 
filtered and flagged using data quality indicators, 
high, medium and low quality, which specify the 
confidence in the data. The quality of the data 
depends on the uncertainties of the measurements 
during monitoring. Various factors contribute to the 
uncertainty in measurements; noise, permanent 
systematic effects, temporary systematic effect, 
calibration transfer uncertainty, transport 
uncertainty and drift correction uncertainty (Cede 
and Tiefengraber, 2013). The low-quality data 
should not be used for most purposes (Cede et al., 
2019) and are not presented in these observations. 
The first-time Pandora-2s instrument (Pan159) 
measurements at Wakkerstroom provided semi-
continuous data which had gaps. The surface NO2 
concentrations are impacted by cloud cover as they 
depend on sky radiance for successful retrieval 
(Tiefengraber et al., 2021; Zhao et al., 2019).  

2.5 Meteorological data 

The dispersion and transport of trace gases 
such as nitrogen dioxide in the atmosphere depend 
on meteorological conditions (Goldberg et al., 
2020). These conditions determine the 
atmosphere's stability and, therefore, the chemical 
and physical processes that affect the atmospheric 
accumulation of pollutants (Balashov et al., 2014). 
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The ambient air temperature depends on solar 
irradiance, and they both affect the dissociation of 
NO2 in the atmosphere (Balashov et al., 2014; 
Goldberg et al., 2020). The wind speed and 
direction contribute to the dispersion and transport 
of the pollutant around and to-and-from the source 
of emissions (Balashov et al., 2014). The removal 
rate of pollutants from the atmosphere is also 
dependent on rain and humidity through wet 
deposition (Seinfeld and Pandis, 2016).  

Meteorological data from the Wakkerstroom 
monitoring site (Figure 1) are used in this study. The 
measurements are near-surface/ground level 
values of temperature, rainfall, relative humidity, 
wind speed and wind direction. All variables were 
recorded as hourly averages. The wind direction 
data were averaged according to a technical note 
by Grange (2014) on Rstudio ®. All variables data 
are available for the one year (2020) analysis 
period. 

2.6 HYSPLIT backward trajectory 
analysis 

The major atmospheric transport pathways to 
Wakkerstroom were computed using the Hybrid-
Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model  
(www.ready.noaa.gov/HYSPLIT.php). The 
trajectory represents the temporal and spatial path 
of trace gases in masses of air in the atmosphere. 
Backward trajectories are used to identify the 
source region of atmospheric constituents (Bera et 
al., 2021). 

Ten-day backward trajectories were used to 
determine the origin of the air masses to 
Wakkerstroom. The model uses a hybrid between 
the Lagrangian approach and the Eulerian 
methodology. The former uses a “moving frame of 
reference for the advection and diffusion 

calculations as the trajectories or air parcels move 
from their initial location”. In contrast, the latter 
“uses a fixed three-dimensional grid as a frame of 
reference to compute pollutant air concentrations” 
(Stein et al., 2015).  

Ten-day backward trajectories were calculated 
for every day of 2020, starting at the monitoring 
station at midday. The trajectories were visually 
classified into five distinctive transport pathways, 
and frequencies of each pathway were calculated 
as a percentage for the total of 366 days.  
Additionally, trajectory pathways were used to 
determine the likely atmospheric transport of the 
highest and lowest concentrations of NO2 at 
Wakkerstroom. 

3. Results 

3.1 Meteorology conditions at 
Wakkerstroom  

The temperature data measured at 
Wakkerstroom are consistent with the seasonal 
variation in South Africa (Walt and Fitchett, 2020). 
Temperatures (Figure 2a) decrease in April, 
reaching an all-time low in July (week 29). The 
highest temperature was recorded in December 
2020 (week 53). 

Rainfall was sparse from May to early 
September 2020 (Figure 2b). The wet season 
started in October. The highest rainfall was seen in 
week 50, December 2020. The relative humidity 
percentages were highest in weeks 35 and 40, and 
lowest in week 33.  

The wind rose (Figure 2d) shows that the 
dominant wind directions for 2020 were from the 
northerly to easterly sectors (>40%) (Figure 4d).  
The wind also blew fairly frequently from the south 
westerly and westerly sectors (~20%) 
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Figure 2. Weekly averaged meteorological variables at Wakkerstroom, January to December 2020. a) temperature, 
b) rainfall, c) relative humidity, and d) wind direction and speed. The shaded area (a and c) shows the standard 
deviation, and the dashed vertical lines (a – c) the start of a new month.  

3.2 Atmospheric transport to 
Wakkerstroom 

The transport pathways identified to 
Wakkerstroom (Figure 5) are similar to the Highveld 
patterns obtained in previous studies (Freiman & 
Piketh, 2003). In 2020, air masses recirculated for 
41% of days. Air originating from the south also 
represents an important pathway (30%). 
Approximately 5.2% (least) of the transport 
pathways originate from the southwest direction. 
Two other less dominant transport pathways were 
identified, namely, direct transport from the east 
coast of South Africa (~11 %) and recirculated air 
that passes over neighbouring countries to the 
North before reaching Wakkerstroom from the 
north-east (~13 %). The trajectory analysis is 
consistent with the prominent wind pattern at 
Wakkerstroom shown in the wind rose (Figure 2d).  

 
Figure 3. Schematic diagram depicting a 
summary of HYSPLIT backward trajectory path 
frequencies at Wakkerstroom, Mpumalanga for 
the year 2020.  

a

b

c

d
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3.3 Surface nitrogen dioxide 
concentrations and meteorology over 
the Highveld  

Surface level NO2 concentrations measured by 
the Pandora- 2s instrument are given in Figure 4. 
These average surface NO2 concentrations 
fluctuate between 0.2 and 7.0 ppb (± 0.04 and ± 5.7) 
(Figure 4). Maximum surface concentrations at 
Wakkerstroom only just exceed 10 ppb. The highest 
concentrations were detected during weeks 37 
(September 2020), 16 (April 2020) and 51 
(December 2020), which fall in three different 
seasons.  There is no distinct seasonal cycle visible 
in the Pandora-2s data at Wakkerstroom.   

By comparison, the weekly variation of the 
surface nitrogen dioxide concentrations at the three 
Eskom monitoring sites did not show much variation 
throughout the year. Average weekly 
concentrations at Kendal, Majuba and 
Elandsfontein were 10.4 (±9.1), 5.3 (±11.8) and 5.8 
(±5.6), respectively (Figure 5). Kendal MS showed 
the most weeks with higher NO2 concentrations 
than the other monitoring stations. The Kendal MS 
is 2 km south-south-east (almost directly below) of 
the Kendal PS and is aligned to capture the direct 
high concentration plumes from the Kendal PS. At 
the Kendal MS there is some indication of small 
increases during the initial summer months 
(November and December 2020). Concentrations 
at Elandsfontein and Majuba were lower overall.   
Majuba monitoring site showed the most significant 
evidence of a seasonal peak occurring from the end 
of July to the middle of September. During this 
season at the Majuba MS, surface NO2 
concentrations exceed 10 ppb.  

Comparing the Panders-2s data and the in-situ 
surface monitoring stations gives confidence that 
the algorithm for deriving surface concentrations 
from the column integrated data gives reasonable 
values at the Wakkerstroom site.   

 
Figure 4. Twelve months of weekly average 
Pandora-2s surface NO2 concentrations (at the 
Wakkerstroom monitoring site in the 
Mpumalanga Highveld. The error bars show the 
standard deviation, and the dashed vertical lines 
show the beginning of a new month in 2020. 

 
Figure 5. Six years (2015 – 2020) of weekly 
average NO2 concentrations from three stations 
(Elandsfontein, Kendal, and Majuba) in the 
Mpumalanga Highveld. The error bars show the 
standard deviation, and the dashed vertical lines 
show the beginning of a new month.   

3.3 Atmospheric transport of highest and 
lowest NO2 concentrations to 

Wakkerstroom  

To better understand the drivers of the 
observations at Wakkerstroom, daily trajectories 
were calculated for the weeks with the highest 
(week 37, 51 and 16) and lowest (week 15 and 9) 
NO2 concentrations.   

The highest concentrations (7.5 ppb ±5.7) were 
detected from the 3rd - 17th September 2020 (week 
37). Transport of air masses to the Wakkerstroom 
during this week was predominantly from the east 
and north-east.  Five out of the seven days (Figure 
6b-d and f) show trajectories that pass directly over 
eSwatini before arriving at the Wakkerstroom MS. 
The remaining two days have regional-scale 
recirculation occurring (7th and the 13th September 
2020) (Figure 6(a and g)). The transport over 
eSwatini during this week is the most likely source 
of the elevated surface NO2. Fire count data from 
the Moderate Resolution Imaging Spectro-
radiometer (MODIS) confirm a high fire frequency 
over the east coast of South Africa and in eSwatini 
during September 2020, particularly during week 37 
(Figure 11).  

The weeks with the second (7.1 ppb ± 6.2) and 
third-highest (6.6 ppb ± 6.2) surface NO2 weekly 
averaged concentrations (week 51 and week 16) 
from the Pandora-2s instrument show atmospheric 
transport dominated by regional-scale recirculation, 
particularly week 16. The trajectories show 
transport over the eSwatini region during week 51 
(Figures 7 and 8). The regional scale recirculation 
transport patterns would certainly accumulate NO2 
concentrations over the source region of the 
Highveld as well as the greater Johannesburg 
(Gauteng-Tshwane metropolitan) region.   

0

10

20

30

1 5 9 14 18 22 27 31 36 40 44 49 53

Week number

N
O

2
p
p
b

E
la

n
d

s
fo

n
te

in
K

e
n

d
a

l
M

a
ju

b
a

1 5 9 14 18 22 27 31 36 40 44 49 53

0

10

20

30

0

10

20

30

0

10

20

30

Week number

N
O

2
p
p
b

Page | 68



 

7 

 

During the weeks with the lowest nitrogen 
dioxide concentrations (weeks 15 and 9), most air 
masses arriving at the Wakkerstroom were directly 
from the south (Figures 9 and 10). This type of air 

mass trajectory is typically associated with cleaner 
air from the Southern Ocean. The trajectories spent 
very little time over the subcontinent before 
reaching the Wakkerstroom.  

 
Figure 6. The backward trajectory paths to Wakkerstroom during the week (week 37) (a-g) with the highest nitrogen 
dioxide concentration measurements from the Pandora-2s instrument at the Wakkerstroom monitoring site in 2020.  

 
Figure 7. The backward trajectory paths during the week (week 51) (a-g) with the second-highest nitrogen dioxide 
concentration measurements from the Pandora-2s instrument at the Wakkerstroom monitoring site in 2020.  
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Figure 8. The backward trajectory paths during the week (week 16) (a-g) with the third-highest nitrogen dioxide 
concentration measurements from the Pandora-2s instrument at the Wakkerstroom monitoring site in 2020. 

 
Figure 9. The backward trajectory paths during the week (week 15) (a-g) with the lowest nitrogen dioxide 
concentration measurements from the Pandora-2s instrument at the Wakkerstroom monitoring site in 2020. 

 
Figure 10. The backward trajectory paths during the week (week 9) (a-g) with the lowest nitrogen dioxide 
concentration measurements from the Pandora-2s instrument at the Wakkerstroom monitoring site in 2020. 
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Figure 11. The MODIS fire count (red dots) product for the week (a) 37, (b) 51 and (c) 16. The green triangle 
represents the site at Wakkerstroom. 

4. Discussion 

Weekly NO2 surface concentrations at three 
conventional air quality monitoring stations and the 
Pandora-2s site at Wakkerstroom from total column 
retrievals are comparable given their relative 
location to major sources. The sites closer to the 
power stations (Majuba and Kendal) have higher 
surface nitrogen dioxide levels than the further 
away sites, albeit downwind of the power stations 
(Figures 4 and 5). Interestingly, the Kendal and 
Majuba sites are both ~3 km south-southeast and 
southeast of direct emission sources, respectively. 
However, the Kendal site had higher weekly 
averaged surface nitrogen dioxide levels. No 
discernible seasonal cycle was observed at three of 
the four sites, including the Pandora-2s site at 
Wakkerstroom.  Majuba had slightly elevated 
concentrations in the spring. Distinctive 
atmospheric transport patterns associated with the 
highest and lowest concentrations of NO2 have 
been identified. Although the regional scale 
recirculation was not a surprising feature, high 
concentrations of NO2 associated with biomass 
burning emissions transported from the east coast 
of South Africa and eSwatini was not expected and 
represented an important finding. It is encouraging 
that these data will be very useful at unpacking the 

biogeochemical cycling of trace gases over the 
study area. In the next phase of analysing Pandora-
2s data from Wakkerstroom, the NO2 
concentrations at the upper troposphere will be 
extracted. These data will be invaluable at 
understanding the long-range transport of 
pollutants from the Highveld and providing 
important surface derived total column retrievals 
that can be compared to the many existing satellite 
retrievals. Until this deployment of the Pandora 
spectroradiometer, there have been few attempts to 
validate the satellite retrieved concentrations of NO2 
over the Highveld. 

5. Conclusions 

The first-time surface level NO2 measurements 
retrieved from Wakkerstroom using the Pandora-2s 
instrument have introduced new confidence that the 
data products can be used in future to explore 
biogeochemical interactions in the Highveld area. 
This comes from the similarity in the Pandora 
measurements to the already existing sensors in 
the Highveld and the instrument's capability to 
indicate elevated levels of surface NO2 
concentrations accurately. The Pandora-2s is a 
valuable instrument that promises to build and close 
the gap of high temporal resolution long-term data. 
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Air pollution and its impacts on human health, the climate and the economy has received 
increased news media coverage over the past decade. Awareness and attitudes towards 
environmental issues and its related impacts are central to effecting the behavioural and 
perceptual changes needed for large scale action. Although awareness and attitudes do 
not necessarily translate to behavioural change, behavioural change without adequate 
levels of awareness is not possible. In the past decade, social media has played an 
increasingly significant role in raising awareness on many issues, including air quality, 
its impacts and regulation. Social media platforms such as Twitter provide a digital space 
where the general public can engage on issues like air pollution and raise the call for 
regulatory action. This paper aims to explore and analyse South African Twitter users' 
awareness of air quality-related issues. All South African Twitter© data generated from 
the start of 2010 to the end of 2020 were mined for air quality-related topics and 
keywords. The methods were geared towards understanding the changes in the 
awareness of the South African public regarding air quality issues by collecting a 
comprehensive set of related tweets and analysing the temporal variability in the 
frequency of mentions. We also investigate the context in which the search terms are 
mentioned, either regarding impacts on human health or climate, the economy or policies 
and regulations.  A better understanding of the representation of a pressing 
environmental issue such as air pollution in this online space can help harness the power 
of social media to improve science communication, public engagement and participation 
in regulatory measures. 

Keywords: air pollution; air quality awareness; social media; Twitter; science 
communication; South Africa

1. Introduction  

In 2021, the global number of active social media 
users reached 4.2 billion, an increase of 490 million 
users from 2020 (DataReportal, 2021a).  Social 
media platforms have thus become powerful 
sources of information, misinformation and 
disinformation for billions of people around the world. 
Social media platforms (SMPs) such as Twitter and 
Facebook give users the opportunity to access 
information and communicate and engage on issues 
important to them. Social media influencers (SMIs) 
are also emerging as powerful third-party endorsers 
that can influence the perceptions, attitudes and 
awareness of social media users on a multitude of 
issues. These include marketing/brand awareness, 
public health-, political- and environmental matters 
(Okuah, Scholtz, and Snow, 2019).  

The vast amount of disintermediated Covid-19 
related information shared via social media is a 

current example of the profound impact these 
platforms can have on public attitudes, perceptions 
and behaviours. In this case, the disinformation 
being shared on social media platforms is hampering 
governmental efforts to curb the devastating impacts 
of Covid-19 by influencing and fragmenting the 
public response to intervention measures like mask 
wearing and vaccinations (Cinelli et al., 2020).  
Social media can however, also be a positive force 
to raise awareness and public engagement on 
issues of importance. Social media also played a 
significant role in the instigation of the recent 
violence and looting in KwaZulu Natal and Gauteng. 
The Centre for Analytics and Behavioural change 
(CABC) at the University of Cape Town identified top 
Twitter hashtags and users that contributed directly 
to the large-scale incitement of violence leading up 
to events. Identified hashtags generated 1.29 million 
mentions and 1 million retweets from the beginning 
of July 2021. The total reach of these hashtags was 
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just over 2.26 million (Mokoka, 2021). Social media 
is a tool that can easily be weaponised to spread 
disinformation, hatred and even violence. 

Despite the possible negative impacts of social 
media, research literature shows that social media 
has a positive impact on public awareness, attitudes, 
perceptions and behaviours related to environmental 
issues such as climate change and air quality.  

In a cross-national study involving 20 countries, 
Diehl et al. (2019) found that social media use for 
climate change-related news and information was 
positively associated with decreased levels of 
climate scepticism across their surveyed sample 
(n=18785). In China, social media is increasingly 
used to monitor air quality trends, public perceptions, 
self-reported health impacts and responses to air 
quality-related issues (Wang, Paul, and Dredze, 
2015; Graminius and Haider, 2018). Studies 
consistently found that larger volumes of air quality-
related posts correlated with higher monitored levels 
of air pollution. Qualitative analyses of these posts 
gave a deeper understanding of actions people take 
to avoid areas with poor air quality, negative or 
positive sentiments they might have, and levels of 
engagement with regulators and policymakers 
(Wang, Paul, and Dredze, 2015; Hswen et al., 2019).  
Analysing social media data related to air pollution 
has great potential to provide a better understanding 
of public perceptions and attitudes towards air 
quality, its impacts and management without the 
need for extensive surveys or other resource-
intensive research methods. Despite this, very little 
research has been done on this in the South African 
context.   

This paper aimed to take an exploratory look at 
public awareness of air quality-related issues among 
South African Twitter users over the past decade 
(2010 - 2020). Firstly, we discuss the links between 
awareness, attitudes, perceptions and behavioural 
change. We then describe Twitter users in the South 
African context, followed by an analysis of the 
temporal trends and context of air quality-related 
mentions over the past decade. This first glance at 
the "presence" of air quality-related issues in a 
specific digital environment could provide insights 
into the viability of using Twitter as an additional 
communication and research tool to ensure 
#CleanAirForAll. 

Awareness and behavioural change 

Current environmental issues like air pollution, 
climate change and land degradation is widely 
attributed to human activity and behaviour (Page 
and Page, 2014).  Human behaviour is influenced by 
variables such as awareness, attitudes and 
perceptions. Awareness of environmental issues 
and its related impacts are central to behavioural and 
perception change (Liu, Teng, and Han, 2020; 
Nuwan Gunarathne, Hitigala Kaluarachchilage, and 

Rajasooriya, 2020). Awareness is essential to 
promote pro-environmental behaviour and active 
engagement in initiatives to mitigate risks (Li et al. 
2019; Kim and Hall 2019). Even though awareness 
and pro-environmental attitude do not necessarily 
translate into pro-environmental behaviour, 
behavioural change without adequate awareness is 
often not possible (Varela-Candamio, Novo-Corti, 
and García-Álvarez, 2018; Liobikiene and Poškus, 
2019).  A pro-environmental attitude is mainly 
dependent on awareness of an environmental issue 
and its associated impacts (Kim and Hall, 2019).  
Therefore, it is increasingly important to understand 
how individuals perceive and engage with 
environmental issues like air pollution to ensure the 
adoption of effective interventions in addressing the 
issue (Hitayezu, Wale, and Ortmann, 2017; 
Whitmarsh and Capstick, 2018).  

Several studies report on the impact of message 
framing on behavioural intentions (Martinez and 
Scicchitano, 1998; Van de Velde et al., 2010; Liang, 
Henderson, and Kee, 2018). Martinez and 
Scicchitano (1998) and Van de Velde et al. (2010) 
find that negative and positive framing of an issue 
will have differing effects on behaviour. Negative 
framing could result in both a negative and positive 
impact on pro-environmental behaviour depending 
on the audience. If the magnitude of the problem is 
perceived to be too large to solve through individual 
action, pro-environmental behaviour could be 
negatively influenced (Van de Velde et al., 2010).  
On the other hand, positive framing could result in 
people perceiving an issue as less important and 
therefore not requiring action. Social media 
platforms, like Twitter, are playing an increasingly 
important role in how awareness and perceptions 
are expressed and shared (Mueller-Herbst et al., 
2020).  

Information sharing via social media has also 
increased awareness and pro-environmental 
behaviour (Anderson, 2017). Anderson (2017), 
however, warns against the strong opinionated 
nature of many of the social media posts and 
Williams et al. (2015) also cautions against the often 
highly polarised debates surrounding specific topics 
that take place on social media platforms. 

Social media is therefore having a significant 
influence on the framing of issues. Framing is 
increasingly in the hands of individuals engaging on 
related topics within these platforms and is no longer 
limited to only governments and media outlets. The 
centralised mode of communication (from media 
outlets and governments) has been largely replaced 
by a digital participatory culture (Cho, Byrne, and 
Pelter, 2020) in which participants actively partake in 
the conversation and framing of issues. These 
platforms thus play a significant role in the 
information that contributes to and increases 
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awareness and knowledge regarding particular 
issues and ultimately to the public's digital civic 
engagement (Cho et al., 2020).  

Digital civic engagement, in itself, can be seen to 
form part of behaviour. For many people, social 
media is becoming their primary source of 
information (Westerman et al. 2014), and 
information is crucial to raising awareness. As social 
media is increasing in popularity, governments, 
major corporations and public figures are taking to 
these platforms to communicate, advertise and 
encourage desired attitudes, perceptions and 
behaviours (Mavrodieva et al., 2019).  More than 
90% of South Africa's large businesses are currently 
active on Facebook (Ornico, 2021).  It is becoming 
increasingly important to understand in which 
context information is being shared on these 
platforms, to promote the sharing of accurate 
information and enhance effective behavioural 
change. 

1.1 Internet, Social Media and Twitter 
users in South Africa 

There has been a significant global increase in 
internet, social media and e-commerce users, as 
Covid-19 lockdowns necessitated using safer ways 
of staying connected, doing business and buying 
necessities. This has also been the case in South 
Africa. According to the Digital 2021 report for South 
Africa, 64% of adults in the country were using the 
internet by January 2021 (38,19 million users).  
Social media users increased by 14%, from 22 
million to 25 million (41.9% of the population) 
between January 2020 and January 2021 
(DataReportal, 2021b). 

The South African (SA) Social Media Landscape 
2021 survey also found a significant increase in 
positive perceptions surrounding social media as a 
communication tool amongst SA users.  There was 
an increase of 59% in respondents who reported that 
social media is an effective public relations channel, 
and a 123% percent increase in respondents who 
believed social media to lower the cost of 
communication between 2020 and 2021 (Ornico, 
2021).  WhatsApp was the most widely used social 
media platform in SA, followed by YouTube, 
Facebook, Instagram, Twitter, LinkedIn, Pinterest 
and Snapchat.  

It is important to highlight that data gathered on 
one social media platform cannot be used to draw 
inferences on the general public's or even all social 
media users’ opinions, sentiments, or perceptions.  
Despite the considerable growth in internet users, a 
"digital divide" still exists between online and offline 
populations. Unemployed, retired, disabled, black, 
and rural populations have fewer internet users and 
are thus often underrepresented on social media 
platforms (SMPs) (Blank, 2017).   

Internet users also display different behaviours in 
different digital environments, and many SMPs have 
distinct user profiles in terms of age, gender, race, 
socioeconomic status and level of education. Blank 
(2017) found that Twitter users in the United 
Kingdom were younger and had higher income and 
education levels than other British internet users. 
Amongst internet users in the United States, Twitter 
users were also younger and wealthier but did not 
have higher levels of education. It is thus vital to 
understand the bias introduced by the user profile of 
SMPs used in research.   

For many years, the Twitter user base in South 
Africa was skewed among racial groups, with much 
higher use among white South Africans. Socio-
economic levels were generally more representative 
of those of the country (Ornico, 2021). Over the past 
few years, South African Twitter user demographics 
have changed. The platform increasingly attracted 
previously marginalised groups who use the platform 
to engage and influence the public around important 
issues (Beukes, 2017).   

According to the 2021 South African Social Media 
landscape report, Twitter use has become 
increasingly even among racial groups. The platform 
now broadly represents the racial composition of 
South African society (Ornico, 2021). The report 
estimates the total number of SA Twitter users to be 
approximately 9.3 million, making it the 6th most 
popular SMP in South Africa. 59.2% of surveyed 
internet users aged 16 - 64 reported using the 
platform in the month before the survey (Ornico, 
2021).   

Twitter use is most prevalent amongst the 25-34, 
35-44 and 15-25-year age groups, respectively, with 
lower numbers of users aged 45-64 years and 
almost no users aged >65 years. The vast majority 
of Twitter users have higher levels of education 
(complete secondary or tertiary education) when 
compared to Facebook, which has a much larger 
number of users with no formal schooling or 
incomplete primary and secondary schooling 
(Ornico, 2021). Young, educated people under the 
age of 50 have the highest levels of concern for 
environmental issues such as climate change and 
are also most likely to take or call for action to bring 
about change (Pew Research Center, 2015).  The 
profile of the SA Twitter user base thus makes it a 
suitable platform to explore user engagement with 
environmental issues such as air pollution and 
climate change.   

2. Methods 

The methods are geared towards understanding 
the changes in the awareness of the South African 
public regarding air quality issues by collecting a 
comprehensive set of related tweets, investigating 
the context in which these topics are mentioned, and 
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analysing the temporal variability in the frequency of 
mentions. Additionally, we examine case studies of 
high frequency mentions and how they relate to 
current affairs reported in the news or other media.   

2.1 Extracting Twitter data 

The Twitter Application Programming Interface 
(API), Academic Research product track, allows 
academics and researchers to access and 
conveniently filter all archived tweets (Twitter, 2021). 
Publicly available Twitter data posted in South Africa 
from the start of 2010 to the end of 2020 were mined 
for those search terms presented in Table 1. No 
mentions were found of those search terms with a 
strikethrough.  

Table 1. Search terms used to narrow down the 
Twitter database for South Africa from 2010 to 2020. 

Search terms used  

clean air / 
cleanair 

air pollution / 
airpollution 

air quality / 
airquality 

air quality 
index 

ambient air 
/ambientair 

indoor air / 
indoorair 

PM2.5  / PM 
2.5  / PM25  / 
PM 25 

particulates / 
particulate matter / 
particulatematter 

ozone layer / 
ozonelayer 

PM10 / PM 10 

The extracted dataset consisted of a sample of 
1271 tweets. Initial, manual exploration of the data 
showed how the ozone layer was a regular subject 
for humour: 

"she's high as the ozone layer and she still 
sounds angelic #WhitneyHouston",  

"Chuck Norris created the hole in the ozone 
layer by kicking the air",  

and then some interesting thoughts, like  

"I wonder what would happen if the ozone layer 

decides to take a vacation to Mars".  

Despite the references above, the fact that some 
mentions of the relevant search terms (Table 1) are 
not scientific, nor a discussion of contemporary 
issues, does not negate the fact that these topics are 
still in the sphere of public conversation and 
awareness, which was ultimately what we were 
measuring.  

Our manual exploration also found ambiguous 
uses of specific search terms, such as haze, which 
might refer to air quality conditions and a muddled or 
confused state of mind or common names for certain 
strains of cannabis. Tweets featuring ambiguous 
uses (not related to air quality), as well as any 
advertisements, were identified and used to compile 
a list of exclusionary terms, as presented in Table 2, 
for removal from our database. After removing 
these, we retained a final sample of 1233 tweets. 

Table 2. Exclusionary search terms used to 
exclude advertisements or ambiguous language 

use not related to our study. 

Search terms excluded 

purchase 

order 

shipper 

osmosis 

courier 

Audi 

shop 

psychic 

sanitisers 

fart 

radio 

LBGTIQ 

music 

hepa 
Beurer 

2.2 Investigating the context of mentions 

An additional analysis was performed to discover 
in what context the search terms are mentioned, 
either regarding impacts on human health or climate, 
the economy or policies and regulations. To illustrate 
this, we plot word clouds, for which we removed 
profane and offensive language, stop words, 
conjunctions, and most verbs. 

2.3 Exploring temporal trends 

Once the dataset was narrowed down to only the 
relevant tweets, we combined the frequency of 
mentions of similar search terms (e.g., air pollution 
and airpollution) and plotted them to determine the 
variability in their use over time. From this, we can 
make inferences about the changes in the levels of 
awareness surrounding air quality and related 
topics. A limitation to plotting solely the frequency of 
mentions relative to itself and not to the number of 
overall tweets is that the number of Twitter users is 
not constant. To overcome this, we compiled the 
statistics of the number of users in South Africa over 
the last decade from the annual Social Media 
Landscape Reports (2010 - 2020), and used that to 
standardise the number of mentions relative to the 
number of users. 

3. Results and discussions 

3.1 Context of mentions  

The relative frequency of all words contained in 
the database of relevant tweets, presented in the 
word cloud in Figure 1, shows the three most 
frequently occurring words are air, health and 
pollution, followed by quality, clean, healthy and 
human.  

The relative frequency of mentions for our sample 
dataset is shown in Figure 1. The context of these 
tweets is centred around awareness of responsibility 
(care, future, save, due, recognised, education, 
reduce, report, find, fact) and the potential impacts 
(effects, threat, risk, problems, waste, depletion, 
serious, problem, change) on humans (people, 
children, public, Africa) and environment (indoor, 
earth, planet, global) wellbeing (health, unhealthy, 
clean, safe, happy, good) and pollution (ozone, 
carbon).  
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Figure 1. Word cloud showing the relative 
frequency of mentions of all words in the refined 

database of relevant tweets. 

We then further refined our search by extracting 
and organising frequently mentioned terms into the 
following themes:  

i. Sources of air pollution (coal, power plants, 
cars); 

ii. Impacts of air pollution (economy, climate, 
environment, ozone layer, health, smell); 

iii. Pollutants (Particulate matter, carbon); 

iv. Specifically mentioned locations (town, city, 
urban, Durban, Cape Town) and; 

v. Policy and regulation 

Word clouds were generated to better 
understand the context in which these terms were 
mentioned and identify any emerging or recurring 
themes, as illustrated in Figure 2.

 

3.1.1 Sources of air pollution 

Coal was most often mentioned in relation to 
terms associated with electricity generation (power 
plants, pollution, Eskom, energy, emissions, fired, 
burning, dirty, fossil fuels). Tweets also showed 
awareness of specific locations where coal-fired 
power plants are a known source (Mpumalanga, 
region, Africa). Some terms indicate an awareness 
of mitigation measures and alternatives 
(renewables, switch, replacing offsets, nuclear, 
benefits), calls to action (stop, clean world, natural, 
right, justify) and environmental activism 
(greenpeace). Power Plants were often mentioned in 
relation to many of the same terms mentioned 
above, especially those relating to locations, calls to 

action and environmental activism.  Power plants are 
also mentioned together with words with strong 
negative framing and connotations (culprits, illegal, 
violate, causing). Cars were not as strongly 
associated with negative terms. Still, tweets did 
contain terms that show awareness of the impacts of 
vehicles (emissions, carbon, air, pollution, clean air), 
specific locations (city, cities) and mitigation 
measures and alternatives (electric, improved, pay 
tax, ban). 

3.1.2 Impacts of air pollution 

The words air pollution, climate, risk and health 
were mentioned in relation to all terms included in 
this category, except for Ozone layer. Economy was 
further associated with words that speak to the 

  

economy coal

 

power plants cars policy

 

regulation 

climate environment ozone layer particulate matter carbon smell 

town city urban Durban Cape health 

Figure 2. The relative frequency of mentions, within the sample of tweets, of words related to different 
aspects of air quality in South Africa. 
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socio-economic conditions and known drivers of air 
quality in the country (development, poverty, 
equality) and also contained terms that refer to 
mitigation measures (energy, nuclear, manage, 
electrifying, clean) and calls to action (care, 
important, advocating).  

3.1.3 Pollutants 

Mentions of Particulate matter include many 
terms that show an awareness of the harmful 
impacts of the pollutant (harmful, lungs, toxic, 
chokes, chemicals, sulphur, smog, eyes) and also 
mentions of known sources of particulate matter 
(eskom, pollution, emissions, burning, smoking, 
tobacco). Terms mentioned in relation to Carbon 
once again show an awareness of the role energy 
generation and vehicles play in Carbon emissions 
(vehicle, coal, energy, electric, fire) and mentions of 
mitigation measures included (electrifying, nuclear, 
benefits, clean, cities, tax). Pay tax was also 
mentioned in relation to cars, indicating that selected 
Twitter users might be aware of carbon tax as a 
mitigation measure and a potential "willingness to 
pay" to combat climate change. It could also indicate 
that users support the "Polluter pays" principle in this 
context. Deeper qualitative content analysis could 
provide great insights on perceptions around 
economic controls for air quality management and 
environmental protection. 

3.1.4 Air quality in urban environments 

As discussed above, Mpumalanga was explicitly 
mentioned in tweets related to coal and power 
plants. South Africa, Africa, world and region were 
also specifically mentioned in most contexts, 
indicating awareness of air pollution and climate 
change issues at all spatial scales.  Ekurhuleni, 
Sasol and Sasolburg were mentioned specifically in 
relation to economic and climate impacts of air 
pollution. The terms town, city, urban were 
frequently mentioned in relation to air pollution. Word 
clouds were generated for each of these terms, to 
explore similarities and differences in the context of 
the mentions. Durban and Cape were mentioned 
frequently enough that word clouds were also 
generated for these specific places to explore 
location-specific contexts.  Table 3 contains a 
summary of terms mentioned in relation to air quality 
in urban environments. 

Terms mentioned in relation to specific locations 
(Durban and Cape) did contain references to known 
sources of concern in both cities. In relation to 
Durban, two terms, south and tongaat could refer to 
south Durban and the Tongaat Hulett sugar refinery. 
South Durban has been an area of concern for many 
years due to high emissions from the many 
industries concentrated there (Matooane & Diab, 
2001). The Tongaat Hulett sugar refinery is also 
located in the south Durban basin and is a significant 

source of emissions. The refinery has also come 
under serious governmental and public pressure to 
improve environmental compliance (Padayachee, 
2010). Establishing whether the tweets really 
referred to mentioned areas is not possible using our 
current methodology. Tweets, where these terms 
are specifically mentioned, will have to be extracted 
and their content qualitatively analysed to establish 
the intended context of the mentions.  

Table 3. Terms mentioned in relation to air quality 

in urban environments 

Topic Mentioned terms 

Impact 
related 

Health, sick, breathing, danger, stench, 
noise, struggle, residents, people, 
urban health 

Source/ 
pollutant 
related 

Air pollution, air quality, haze, waste, 
coal, fire, agricultural, mining, chemical, 
ozone, gases, urbanisation 

Mitigation 
related 

Bus, electricity, cycle, cyclists, 
monitors, solar, greentech 

Action 
related 

Clean, hope, reduce, improve, help, 
know 

In relation to Cape, a few different terms also 
emerged: farmers, agricultural and fire. These could 
refer to agricultural activities and wildfires in the 
region. Still, as other geographic locations (india, 
louisiana and delhi) are also included in the word 
cloud, these terms could also be used in reference 
to those locations. To understand the context of 
digital engagement on these issues, deeper 
qualitative content analysis of extracted tweets is 
necessary.  

3.1.5 Policy and regulation 

Terms related to policy and regulation again 
included terms that show awareness of the impacts 
of air pollution (health, harmful, noise, emissions, 
ambient, environmental, crisis), terms related to 
governance and regulation (management, 
development, fair, rights, energy, committed) but 
also contained terms that could be associated with 
polluters and a need for action (Eskom, 
corporations, resolve, debating, answers).  

3.2 Discussion 

Notably, awareness related to air pollution is 
spread across two themes that are extremely 
important in gaining support for action such as 
responsibility and potential impacts (van de Velde et 
al., 2010; Liu, Teng, and Han, 2020) 

The awareness of a responsibility to address air 
pollution could indicate that the analysed tweets 
express a pro-environmental attitude. This supports 
studies by Li et al. (2019), Varela-Candamio, Novo-
Corti and García-Alvarez (2018), and Liobikiene & 
Poškus (2019) that found awareness to be 
particularly important in encouraging pro-
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environmental attitudes. Hiller (2011) argues that if 
many individuals adopt a perceived individual causal 
responsibility that translates into action, the benefits 
could be significant in addressing air pollution and 
human-induced climate change.  

An awareness and understanding of the likely 
impacts that could result from air pollution amongst 
individuals and communities is considered one of the 
most critical aspects to encourage a pro-
environmental attitude (Liu, Teng and Han, 2020). 
The tweets analysed in our study illustrated 
awareness of impacts, particularly on human and 
environmental wellbeing. According to Kim and Hall 
(2019) a higher level of understanding of the risk and 
impacts associated with emissions and climate 
change is more likely to translate into action.  

Lee et al. (2015) found that predictors of climate 
change awareness differed between geographical 
locations but found that civic engagement, 
communication and education were particularly 
important in encouraging awareness. Although our 
study did not investigate the specific geographical 
areas in South Africa linked to the tweets, it is clear 
that the awareness expressed relates to the human 
and environmental risks related to air pollution. 
Some tweets made specific mention of geographical 
locations associated with high levels of air pollution 
(e.g. Mpumalanga, Ekurhuleni, Sasolburg) and other 
tweets related to an awareness of particular sources 
of pollution (Eskom, coal, power plants, cars) and 
specific impacts (e.g. health, climate, risk) that also 
shows an awareness of geographical location. This 
supports the findings by Lee et al. (2015) that found 
that perceived awareness of risk increased with the 
belief that climate change is human-induced and 
with a dissatisfaction with air and water quality in a 
specific geographical location (Lee et al., 2015).  

Message framing also has a significant influence 
on pro-environmental intentions and assists in 
understanding the context within which the Tweets 
were shared. Based on the two major themes 
discussed above, we were also able to explore the 
message framing in the tweets. Responsibility is 
expressed through various action words (care, save, 
recognised, education, reduce, report, find) that 
illustrates the framing of messages in our sample 
and encourages certain behaviours. Furthermore, 
action words like these communicate certain 
activities people can engage in to address air 
pollution, which is central to message framing that 
translates into action (Martinez & Scicchitano, 1998).  

The framing of tweets was generally negative 
regarding impacts (e.g. threat, risk, problems, 
depletion, serious, unhealthy) and often referred to 
these impacts in the context of perceived at-risk 
societal groups (e.g. children, poverty) and 
geographical locations (e.g. Africa, Mpumalanga, 
Ekurhuleni, Sasolburg).  

Negative message framing was also observed 
across all five sub-themes, but also included various 
action words that give an idea of how air pollution in 
each context can be managed. Themes (i) Sources 
of air pollution; (iv) Air quality in urban environment 
and (v) Policy and regulation seem to place a larger 
responsibility on government and industry in 
addressing air pollution when looking at the words 
mentioned in these contexts (e.g. powerplants, 
Sasol, Eskom) and call for action (e.g. ban, tax, 
corporations, resolve). Themes (ii) impacts of air 
pollution and (iii) pollutants, showed a wider 
awareness of individual responsibility in addressing 
air pollution (e.g. care, pay tax, clean).  

Despite some themes bearing a stronger 
possible representation of individual responsibility 
and others of corporate and governmental 
responsibility, the awareness of responsibility for 
both groups is visible across all themes.  Framing of 
messages by individual users of social media 
platforms and its associated impacts on perception 
and behaviour would require further research.  

Furthermore, the terms identified in relation to the 
five themes discussed above cannot always be 
interpreted as relevant to specific topics using our 
analysis method.  Our study however highlights that 
individual Twitter users adopt a certain framing when 
engaging on the SMP. It further provides an 
understanding of the context within which these 
Tweets are found. In-depth qualitative analyses of 
tweets that mention terms of interest could be used 
to provide a more in-depth understanding of the 
perceptions and experiences of users in the context 
of certain regions, issues or pollution episodes. 

3.3 Temporal trends 

The search terms, in descending order of the 
number of Twitter mentions in the last decade, were 
air pollution (355), clean air (218), air quality (177), 
ozone layer (113), particulate matter (29), indoor air 
(24), PM10 (6), ambient air (5) and air quality index 
(3). The overall trend in the standardised mentions, 
shown in Figure 3, has increased over the last 
decade, indicating increased awareness of these 
topics. 

Figure 3 shows the slight co-occurrence in the 
frequency of mentions of some search terms, as 
expected, which could indicate awareness of an air 
quality-related event or incident. On 5 June 2019, for 
example, manual exploration of the tweets found 
they were all related to World Environment Day and 
included the search terms air pollution and air 
quality.  
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The monthly averaged standardised frequency of 
mentions for the four most popular search terms 
(from Table 1) are given in Figure 4. The mention 
frequency for the search terms clean air, air pollution 
and air quality showed upward trends over the last 
decade. The highest frequencies of mentions for the 

decade were in June, October and May with an 
overall peak in 2019 when 20% of the tweets 
included in our dataset were posted. The frequency 
of mentions of ozone layer saw periodic increases, 
but no clear trend over the decade emerged.   

Figure 3. A stacked bar graph showing the monthly averaged frequency of mentions for all relevant search terms 
over the last decade standardised to the number of Twitter users in South Africa over the same period. 

Figure 4. Monthly averaged standardised frequency of Twitter mentions for the four most popular search terms 
related to air quality in South Africa, namely (i) air pollution, (ii) clean air, (iii), air quality, and (iv) ozone layer. 
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The day with the highest frequency of a single 
search term (air pollution) was 28 June 2016, when 
most of the tweets were related to an air pollution 
event over Sasolburg. These findings show that data 
from SMPs such as Twitter could identify 
days/periods of high topic related social media 
activity using relatively simple methods. Data for 
these identified periods can then be extracted and 
analysed to provide deeper insights into negative or 
positive experiences, self-reported health impacts 
and other location-specific information that might not 
be evident through traditional data collection 
methods. This better understanding can help 
policymakers and scholars design better means of 
engagement on issues that require action and 
behavioural change.  

4. Conclusion and recommendations 

This study aimed to explore public awareness of 
air quality-related issues among South African 
Twitter users over the past decade (2010 - 2020). 
We investigated various contexts in which air quality-
related terms were mentioned and plotted the 
frequency of mentions over the past decade. The 
four most popular search terms related to air quality 
were (i) air pollution, (ii) clean air, (iii), air quality, and 
(iv) ozone layer.  

The very frequent mentions of terms related to 
the impacts of air pollution, sources of air pollution 
and mitigation measures indicate an awareness of 
air quality-related issues among South African 
Twitter users. Several themes emerged that could 
be investigated further by in-depth qualitative 
content analysis to understand better the exact 
context, event or location these tweets referred to.   

An investigation of temporal trends also showed 
increasing numbers of mentions for the four most 
popular search terms mentioned above. This 
exploratory analysis showed that periods of high 
mentions often coincided with air pollution events or 
specific occasions like World Earth Day. This leads 
us to conclude that data from SMPs like Twitter can 
be used to search for possible air pollution events 
that can then be investigated further to gain better 
insights into the perceptions and experiences of 
users digitally engaging around air quality-related 
issues in South Africa. 

The growing use of social media will contribute to 
an increase in digital civil engagement and a 
decrease in the digital divide. It will also improve 
communication and debate that are central to 
encouraging pro-environmental attitudes. Therefore, 
it is imperative that there is an increased 
understanding of the context in which debate and 
interaction are taking place on these platforms. We 
recommend further engagement with the framing of 
individual posts on social media platforms to better 

understand whether this will contribute to or inhibit 
pro-environmental behaviour. 
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Air pollution and reduced air quality affect communities in several regions of South 
Africa, such as the Mpumalanga Highveld. There is a requirement for appropriate 
reference materials for the calibration of local air pollution monitoring instruments. 
Certified reference materials are critical for the credibility of legal compliance with 
atmospheric emission and ambient air quality standards. Accurate and reliable 
reference gas mixtures containing carbon monoxide (CO), carbon dioxide (CO2), 
nitric oxide (NO) and sulphur dioxide (SO2) that are traceable to the International 
Standardisation (SI) units (kilogram and mole) are used as reference materials for 
pollution monitoring. Air pollution affects human health through respiratory system 
complications and causes degradation of the environment. Multicomponent gas 
mixtures of CO, CO2, SO2 and NO per ISO 6142 were prepared using a gravimetric 
method. Purity analyses were performed on the starting reference gases. The 
purities were established as 99.996% mol.mol-1 for CO, 99.98% mol.mol-1 for CO2, 
99.88% mol.mol-1 for SO2, 99.995% mol.mol-1 for NO, and 99.995% mol.mol-1 for 
the nitrogen balance gas. Value-assignment, interference evaluation and stability 
assessments of the prepared gas mixtures were determined using a gas 
chromatograph. The gas chromatograph coupled to a thermal conductivity 
detector was used with a non-dispersive infrared spectrometer for CO and CO2 
and a non-dispersive ultraviolet spectrometer for NO and SO2. The validation 
uncertainty of multicomponent gas mixtures using a single-point calibration with a 
matrix-matched standard was less than 1% relative expanded uncertainty. CO2 
was found to interfere with the CO component, while SO2 interfered with NO 
measurements when binary standards were used. In addition, adequate stability 
of the set of multicomponent gas mixtures was established. This work supports 
the air pollution industry by providing reference multicomponent gas mixtures of 
high metrological quality.  

Keywords: Reactive gases, gas mixtures, uncertainty measurement, calibration 
method, stability analysis 

1. Introduction 

The application of metrological concepts is 
critical in emissions measurements to ascertain 
accurate environmental monitoring. Emissions 
and ambient atmospheric monitoring 
endeavours serve as mitigating measures to 
protect humans against adverse health 
impacts. As a result, there is a requirement for 
calibration standards that are accurate and 
reliable to enable the accurate and credible 
monitoring of current and future predictions of 
air pollution levels and their trends (Rolle et al. 
2017). The National Metrology Institute of 
South Africa (NMISA) has a mandate to 
maintain measurement standards for the 

Southern African Development Community 
(SADC) that are traceable to the Standard 
international kg and mol SI units. 

Reactive and non-reactive gases are 
divided and distinguished by their reactivity 
towards other substances. The reactivity is 
dependent on the completeness of the 
outermost shell by valence electrons. Gases 
that have their valence electrons complete are 
usually more stable and non-reactive than 
those with incomplete outermost shell 
electrons, which are rather chemically reactive 
(Brown et al. 2012). A common example of a 
non-reactive gas is CO2, as it is unlikely to react 
with other substances normally utilised to 
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provide inert environments in the bottling 
industry. Amongst other examples of reactive 
gases include carbon monoxide(CO), sulphur-
containing compounds (such as SO2), ozone 
(O3), oxides of nitrogen (NOX) and volatile 
organic compounds (VOC’s). These gases 
exist for a few hours to months in the 
troposphere (Schultz et al. 2015). 

The International Organisation for 
Standardisation-ISO 6142 (2015) provides that 
purity analysis is a prerequisite and critical step 
in gravimetric preparation of gas mixtures to 
determine significant impurities present in 
starting materials. ISO 19229 guides purity 
analysis. For this study, high-grade starting 
materials of CO, CO2, SO2, NO with nitrogen 
(N2) as balance gas were selected and purity 
analysed to ensure the quality and minimise 
uncertainties in the final gas mixtures. The 
gravimetric method for preparing gas mixtures 
has been adopted, as it is one of the most 
reliable methods of preparation as it contributes 
the least uncertainty. These gas mixtures are 
then utilised in chemical analysis as references 
during gas chromatography (GC) and mass 
spectrometry (Yang et al. 2017). 

Various analytical techniques are adopted to 
validate concentrations of the prepared gas 
mixtures per ISO 6143. A GC coupled with a 
Flame Ionisation Detector (FID) that is 
connected to a methaniser can be used for the 
verification of CO, CO2 and methane (CH4) 
(Budiman et al. 2017). A GC coupled with a 
Pulsed Discharge Helium Ionisation Detector 
(PDHID) is a technique utilised to analyse CO, 
CO2, SO2, NO and propane (C3H8). Another 
useful technique employed for the 
measurements of multicomponent gaseous 
samples is Fourier Transmittance Infrared 
(FTIR). However, FTIR’s disadvantage lies in 
inadequate provision of quantitative spectra, 
which is usually unreliable to work with 
(Tshilongo et al. 2009) 

This study concerns developing the 
following set of multicomponent gas mixtures: 
CO, CO2, NO and SO2 in N2 gas mixtures. In 
addition, the verification of the prepared gas 
mixtures involved the adoption of a single-point 

calibration that uses a matrix-matched 
standard, that is, a standard of similar 
composition as the sample. Furthermore, GC 
coupled with various detectors, Non-Dispersive 
Infrared (NDIR) spectroscopy and Non-
Dispersive Ultraviolet (NDUV) spectroscopy 
was adopted to measure the prepared 
multicomponent gas mixtures of interest. The 
short-term stability of the mixtures was also 
determined. 

2. Experimental 

2.1 Purity analysis of high purity 
gases 

The purity analysis of the high purity starting 
materials was performed as a prerequisite step 
in preparing multicomponent gas mixtures per 
ISO 19229 (ISO, 19229:2015). Cylinders of 
high purity CO of 99.98% mol.mol-1 and SO2 of 
99.995% mol.mol-1 were purchased from Air 
Liquide, South Africa. High purity CO2 of 
99.88% mol.mol-1 and 99.995% mol.mol-1 N2 
with a Built-In-Purifier (BIPTM) were procured 
from Air Products, South Africa. In addition, 
99.995% mol/mol high purity NO was 
purchased from Takachiho in Japan. A GC-FID 
with a methaniser was adopted to measure the 
CO and CO2 as well as the hydrocarbons 
impurities such as CH4 in the mentioned 
starting materials. The GC-FID was operated at 
300ºC. The temperature programming was 
initiated at 50oC for 2.5 min and increased to 
150ºC at a rate of 50ºC.min-1. The run time was 
reduced by holding the run for 5 min to elute CO 
and CH4. For the elution of CO2, no temperature 
programming was done - an isothermal run was 
performed at 120ºC for 10 min.  For the analysis 
of permanent gases such as oxygen (O2), argon 
(Ar) and hydrogen (H2) in the high purity SO2 
and BIPTM N2, a GC-PDHID was employed at 
an isothermal temperature of 35ºC. Table 1 
indicates the GC model as well as the analytical 
columns employed for the purity analysis.  

However, the manufacturer’s specification 
was relied upon during the purity analysis of 
high purity NO. 

 

 

Table 1: Techniques and column employed for purity analysis 
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2.2 Preparation of multicomponent 
gas mixtures 

Multicomponent gas mixtures were 
prepared the gravimetric technique (ISO 
6142:2015) using high purity starting materials 
of CO, CO2, SO2, NO and N2. Single- and serial-
step dilutions were performed as per the set of 
components. This step of preparation involved 

weighing a specified mass of the starting 
material in either single- or serial-step dilution 
to achieve 100 to 1000 µmol.mol-1 of CO, 10 to 
20% mol.mol-1 of CO2, 100 to 1000 µmol.mol-1 
of SO2 and 100 to 1000 µmol.mol-1 of NO in N2 
balance gas in 10-L aluminium cylinders. 
Furthermore, CO, CO2, NO and SO2 in N2 sets 
of gas mixtures were prepared as shown by 
dilution schemes in Figure 1.  

 
Figure 1: Production scheme of CO, CO2, NO and SO2 

The last step in the gravimetric preparation 
was the homogenisation of the prepared 
multicomponent gas mixtures, which was 
executed after cooling the warm cylinder to 
room temperature after adding the balance gas 
(N2). It involved placing the gas mixture 
cylinders on the roller-bench to roll for a 
minimum time of two (2) hours.  

2.3 Verification of prepared 
multicomponent gas mixtures 

Spectroscopy techniques were employed 
for the analysis of prepared multicomponent 
gas mixtures. An ABB A02020 Uras26 NDIR 
2.1 analyser incorporated with LabView 

software was utilised for CO and CO2 
measurements. The SO2 and NO components 
in the gas mixtures were value-assigned using 
ABB A02020 Limas11 NDUV 2.1 analyser. The 
NDIR and NDUV were calibrated using high 
purity N2 with no components of interest to zero 
the instruments and a standard of 80 to 100% 
mole fraction in the calibration range of interest 
to span the instruments. Table 2 indicates the 
conditions employed during the measurements 
of the components of interest using NDIR and 
NDUV spectroscopy analysers.  
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Table 2: Techniques and conditions used for 
validation of gas mixtures 

Technique Component Purging 
time (s) 

Cycles No. of 
samples 
per cycle 

NDIR 
CO 180 4 30 

CO2 200 4 60 

NDUV 
NO 300 4 30 

SO2 300 4 30 

Swagelok gas regulators connected the gas 
cylinders to the analysers and were flushed at 
least seven times. The mixture cylinders were 
then connected to the sixteen port sampler box, 
directly connected to the analysers. Eight times 
flushing was performed to remove any 
residuals in the transfer lines. A single-point 
calibration method was adopted using a matrix-
matched standard during the validation of the 
prepared multicomponent gas mixtures 
adopting the R-S-R (Reference-Sample-
Reference) sequence of analysis. 

2.1 Component interference 
investigation 

Furthermore, a component interference 
investigation study was performed to determine 
the influence of one component on the other in 
the prepared multicomponent gas mixtures. A 
100 to 1000 µmol.mol-1 of CO and 10 to 20% 
mol.mol-1 of CO2 in N2 balance gas was initially 
prepared to make a two-component gas 
mixture. In addition, SO2 (100 to 1000 
µmol.mol-1) was added to the CO and CO2 to 
make a three-component gas mixture. This 
mixture was used to determine any interference 
of SO2 on either CO or CO2. A two-component 
gas mixture of 100 to 1000 µmol.mol-1 of NO 
and SO2 each in N2 was prepared to assess the 
interference between NO and SO2. Finally, a 
four (4)-component gas mixture was prepared 
by adding 100 to 1000 µmol.mol-1 of CO and 10 
to 20% mol.mol-1 of CO2 in the mentioned mole 
fraction of NO and SO2 to assess the influence 
of NO and SO2 on CO and CO2. This study was 
performed by using binary standards 
(standards of different matrices from the 
sample) of CO, CO2, SO2 and NO during the 
adoption of a single-point calibration method. 

2.4 Stability assessment of gas 
mixtures 

As per ISO 17034 a stability assessment 
was performed to measure whether the 

prepared multicomponent reference gas 
mixtures are competent and fit-for-purpose 
(ISO 17034). The mixtures were measured 
immediately after preparation to determine the 
short-term (one month) stability. 

3. Results and Discussion 

3.1 Purity analysis of high purity 
starting materials 

It is vital to determine the impurities present 
in the high purity starting materials to reduce 
and keep the uncertainties at the minimum. 
Manufacturers of high purity gases provide the 
Certificate of Analysis (CoA); however, it is not 
advisable for the manufactures of gas mixtures 
to completely rely solely on the indicated 
impurities in the specification because these 
impurities contribute to the final mole fraction 
(ISO, 19229:2015). 

Tables 3 to 7 indicate the purity analysis 
results of CO, CO2, SO2, N2 and NO and the 
technique employed for the particular impurity. 
High purity CO was 99.996% mol.mol-1; 
contributing impurities were H2, O2, Ar and N2. 
The high amount of H2 can be attributed to the 
industrial purification processes of CO during 
the reformation of hydrocarbons containing 
feedstock. N2 impurity was also determined in 
the high purity CO2, which is linked to the pre-
combustion processes of CO2. The 
manufacturer omitted the N2 impurity in the 
provided specification. Therefore, if N2 was not 
measured, an incorrect final mole fraction and 
uncertainty would have been calculated, 
leading to false results. Furthermore, the purity 
of high purity CO2 was obtained to be 99.98% 
mol.mol-1 after considering all probable 
impurities. 

High purity SO2 was found to be 99.98% 
mol.mol-1 after subtracting all significant 
impurities such as N2, Ar and H2 present in high 
amounts possibly contributed by the production 
and purification processes of SO2. H2 and Ar 
were found in recognisable amounts in the high 
purity BIPTM N2; this decreased the purity of N2 
to 99.995% mol.mol-1. N2 was used as a 
balance gas in preparing gas mixtures, 
accounting for its presence in high amounts, 
and it will contribute largely to the uncertainty. 
Hence it is critical to perform its purity analysis. 
Conversely, the manufacturer’s specification for 
the purity of NO was used; the purity of NO was 
obtained to be 99.995% mol.mol-1.
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Table 3: High purity carbon monoxide (CO) mole fraction 

Component 
Specification 
(µmol.mol-1) 

Mole fraction 
(µmol.mol-1) 

Expanded 
uncertainty 
(µmol.mol-1) 

Technique 

CH4 2.00 1.000 1.154 CoA 

CO2 1.00 0.500 0.578 CoA 

H2 1.00 23.51 1.176 GC-PDHID 

H2O 3.00 1.500 1.732 CoA 

C3H8 2.00 0.195 0.020 GC-FID 

O2 5.00 5.896 0.590 GC-PDHID 

Ar 15.00 2.805 0.280 GC-PDHID 

N2 5.00 2.500 2.886 GC-PDHID 

CO - 999962.093   

Table 4: High purity carbon dioxide (CO2) mole fraction 

Component 
Specification 
(µmol.mol-1) 

Mole fraction 
(µmol.mol-1) 

Expanded 
uncertainty 
(µmol.mol-1) 

Technique 

CH4 <0.50  6.237 0.624 GC-FID 

CO Not specified 0.000 0.000 GC-TCD 

H2 Not specified 0.000 0.000 GC-PDHID 

H2O 4.00 2.000 4.620 CoA 

C3H8 <0.50 0.000 0.000 GC-FID 

O2 5.00 5.396 0.540 GC-PDHID 

Ar Not specified 1.417 0.142 GC-PDHID 

N2 Not specified 165.0 16.498 GC-TCD 

CO2 - 999819.971   

Table 5: High purity sulphur dioxide (SO2) mole fraction 

Component 
Specification 
(µmol.mol-1) 

Mole fraction 
(µmol.mol-1) 

Expanded 
uncertainty 
(µmol.mol-1) 

Technique 

N2 76.798 3.800 7.700  GC-PDHID 

Ar 20.832 1.042 2.083 GC-PDHID 

CH4 0.766 0.038 0.077 GC-FID 

CO 0.759 0.038 0.076 GC-FID 

H2 1096.311 54.800 109.631 GC-TCD 

CO2 14.400 0.719 1.438 CoA 

O2 9.350 0.468 0.936 CoA 

  1219.216     - 

SO2 998780.784 54.951 109.902  
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Table 6: High purity built-in-purifier (BIPTM) nitrogen (N2) mole fraction 

Component 
Specification 
(µmol.mol-1) 

Mole fraction 
(µmol.mol-1) 

Expanded 
uncertainty 
(µmol.mol-1) 

Technique 

CH4 0.10 0.050 0.058 CoA 

CO2 0.50 0.241 0.024 GC-FID 

H2 Not specified 8.219 0.822 GC-PDHID 

H2O 0.02 0.010 0.012 CoA 

C3H8 Not specified 0.000 0.000 GC-FID 

O2 0.01 0.005 0.000 GC-PDHID 

Ar Not specified 44.04 2.202 GC-PDHID 

CO 0.30 0.125 0.144 GC-FID 

N2 - 999947.307   

Table 7: High purity nitric oxide (NO) mole fraction 

Component 
Manufacturer’s mole 
fraction (µmol.mol-1) 

Calculated mole 
fraction (µmol.mol-1) 

Technique 

H2 1 0.5 CoA 

O2 1 0.5 CoA 

N2 30 15 CoA 

N2O 30 15 CoA 

NO2 30 15 CoA 

CO2 1 0.5 CoA 

Total CXHY 1 0.5 CoA 

H2O 1 0.5 CoA 

NO 999905 999953 CoA 

3.2 Gravimetric preparation of 
multicomponent gas mixtures 

The high accuracy system of gravimetric 
preparation using the Korean Research 
Institute of Standards and Science (KRISS) 
automated balance weighing system 
incorporated with Mettler Toledo balance was 
employed. The %REU (Equation 1) for the four-
component gas mixtures of 1000 µmol.mol-1 of 
CO, 10% mol.mol-1 of CO2, 1000 µmol.mol-1 of 
SO2 and 1000 µmol.mol-1 of NO were obtained 
to be ≤ 0.017%, 0.008%, ≤ 0.023% and ≤ 
0.016% respectively. Table 8 shows the results 
of all mentioned prepared multicomponent gas 
mixtures.  

%𝑅𝐸𝑈 =
𝑈𝑖

𝑋𝑔𝑟𝑎𝑣
𝑥 100    (1) 

where %𝑅𝐸𝑈 depicts the percentage relative 
uncertainty, 𝑈𝑖 represents the expanded 

uncertainty and  𝑋𝑔𝑟𝑎𝑣  is the gravimetric value 

(Jozela 2019). 

3.3 Value-assignment of 
multicomponent gas mixtures 

For the validation of CO, CO2, NO and SO2 
in N2 gas mixtures, the following techniques 
were adopted for the four-component gas 
mixtures: NDIR was used for CO and CO2 
measurements while NO and SO2 were 
analysed with the NDUV technique. The results 
were averaged, and standard deviations 
calculated. The final mole fractions were 
determined using Equation 2. 

  𝐶𝑆𝑎𝑚𝑝𝑙𝑒 =  
𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐴𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 
𝑥 𝐴𝑆𝑎𝑚𝑝𝑙𝑒         (2) 

where 𝐶𝑆𝑎𝑚𝑝𝑙𝑒 represents the sample mole 

fraction, 𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is the reference standard 

mole fraction, 𝐴𝑆𝑎𝑚𝑝𝑙𝑒 is the sample analytical 

instrument response (peak area) and 𝐴𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

is the reference standard instrument response. 
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Table 8: Gravimetric amount-of-substance fraction and expanded uncertainties of CO, CO2, NO  
and SO2 in N2 

Cylinder ID Cylinder no Component 
Gravimetric  

mole fraction 
µmol.mol-1 

2 Expanded 
uncertainty (K=2) 

µmol.mol-1 

% REU 

WM14 D626624 

CO 1061.419 0.167 0.000 

CO
2
 101457.489 7.744 0.008 

SO
2
 1010.501 0.211 0.021 

NO 996.292 0.146 0.015 

WM15 D626477 

CO 1045.847 0.168 0.016 

CO
2
 100642.286 7.703 0.008 

SO
2
 1010.237 0.211 0.021 

NO 998.568 0.074 0.007 

WM16 D626591 

CO 1028.910 0.170 0.017 

CO
2
 99786.938 7.683 0.008 

SO
2
 1080.631 0.246 0.023 

NO 963.869 0.150 0.016 

WM17 D626457 

CO 1023.786 0.151 0.015 

CO
2
 101847.527 7.807 0.008 

SO
2
 1033.529 0.239 0.023 

NO 1002.786 0.151 0.015 

 

As indicated by Table 9, the CO, CO2, NO 
and SO2 % difference was -0.084%, 0.001%, -
0.252% and 1.293%, respectively, in the WM17 
gas mixture. Thus, CO, CO2 and NO showed 
insignificant changes between the gravimetric 
and verification values. However, SO2 
demonstrated that there is a significant change 
in the gravimetric and verification mole fraction.  
This unexpected finding can be attributed to the 

used reference standard with gravimetric mole 
fraction 1010,501 µmol.mol-1 of SO2 in WM14 
(reference standard) and for the sample WM17 
was 1033,529 µmol.mol-1. Consequently, the 
single-point calibration method requirement to 
use a reference standard of a similar mole 
fraction as the sample was not followed as 
opposed to the suggestion by Cuadros-
Rodriguez et al. (2007). 

Table 9: The gravimetric and verification data of CO, CO2, NO and SO2 in WM17 

Component Technique 
Gravimetric Mole 

Fraction 
(µmol.mol-1) 

Gravimetric 
Uncertainty 
(µmol.mol-1)  

Verification Mole 
Fraction 

(µmol.mol-1) 

Verification 
Uncertainty 
(µmol.mol-1 

% 
Difference  

CO NDIR 1023.095 0.168 1023.954 0.190 -0.084 

CO2 NDIR 101847.527 7.807 101846.697 230.715 0.001 

NO NDUV 1002.786 0.151 1005.313 0.968 -0.252 

SO2 NDUV 1033.529 0.239 1020.163 1.585 1.293 

3.4  Component-to-component 
interference investigation 

A component-to-component study of CO 
and CO2 in N2 using binary standards in NDIR 
demonstrated that CO2 was influencing the 
mole fraction of CO because the stable and 
non-reactive CO2 component was impacting 
the reactive CO (Majstorovic et al. 2020). Thus, 

the % difference of CO and CO2 was 0.378% 
and -0.087%, respectively, between the 
gravimetric and verification mole fraction. The 
uncertainty contribution of CO2 was more than 
the CO because the CO2 was present in 
percentage (%) mol.mol-1 level in contrast to 
CO that was present in ppm levels, as indicated 
in Appendix A, Table A1. Furthermore, SO2 was 
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added in CO and CO2 to determine the mixed 
component interference, and the % difference 
of CO, CO2 (NDIR) and SO2 (NDUV) was found 
to be 1.001%, -0.118% and -0.013%, 
respectively, as shown in Table A2. This 
signifies that CO was significantly influenced by 
the presence of the stable and resistant CO2 
and stable SO2 because CO is usually impacted 
by sulphur compounds, as suggested by 
Majstorovic et al. (2020). 

Table A3 shows the % difference and the 
expanded uncertainty of NO and SO2 to 
indicate the significantly high % difference of 
NO with -1.626% and -0.120% of SO2. This 
could be attributed to NO being reactive and 
unstable at lower concentrations (Himashree et 
al. 2003) instead of the SO2 that has better 
stability than NO. The justification above is 
illustrated in Figure 3. 

Similarly, the component-to-component 
interference between CO, CO2, SO2 and NO 
corresponded with the initial findings. In 
particular, the % difference of CO, CO2, SO2 
and NO was obtained to be 0.935%, -0.242%, -
0.554% and -1.426%, respectively, as indicated 
in Table A4. The uncertainty contribution of CO2 
was also correspondently high as it was present 
in % level instead of ppm level of CO, SO2 and 
NO. 

 
Figure 3: Mole fraction of SO2 from NO and 
SO2 in nitrogen gas mixtures during multi-
point calibration using binary standards for 

the second set of measurements 

3.5 Assessment of multicomponent 
gas mixtures stability 

The short-term (first month) stability of the 
four-component gas mixture of CO, CO2, NO 
and SO2 in N2 was performed as shown in 
Appendix B, Figures B1 to Figure B4, an 
insignificant change between the verification 

and gravimetric mole fraction of CO, CO2, NO 
and SO2 was deduced within single sets in the 
1st month of verification in NDIR (CO and CO2) 
and NDUV (NO and SO2) analysis. A single-
point calibration method with a matrix-matched 
standard was conducted. The high uncertainty 
contribution of CO2 was due to the used high 
concentration (% level) of CO2 in the four-
component. 

4. Conclusions 

The prepared multicomponent gas mixtures 
achieved the highest possible metrological 
quality using the gravimetric preparation 
method. Purity analysis results of the high purity 
gases CO, CO2, SO2, NO and N2 were 
99.996%, 99.98%, 99.88%, 99.995% and 
99.995% mol.mol-1, respectively. The 
gravimetric preparation and single-point 
calibration method using a matrix-matched 
standard for validating multicomponent gas 
mixtures adopted provided accurate and 
reliable results with less than 1% relative 
expanded uncertainty. 

In the component-to-component investi-
gation, CO2 was interfering with CO, and SO2 
influencing the mole fraction NO in the set of 
gas mixtures produced. A good multi-
component gas mixture stability was also 
established. 
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Appendix A: Gravimetric and verification mole fractions and uncertainty  
Tables A1 to A4  

Table A1: Gravimetric and verification mole fractions and uncertainty of CO and CO2 in WM5 using binary 

standards 

Component 
Gravimetric 

Mole Fraction 
(µmol/mol) 

Gravimetric 
Uncertainty 

(K=2) 

Verification 
Mole Fraction 

(µmol/mol) 

Verification 
Uncertainty 

(K=2) 
% Difference 

CO 1004.305 0.0841 1000.509 0.553 0.378 

CO2 99777.495 7.605 99864.794 333.446 -0.087 

 
Table A2: Gravimetric and verification mole fractions and uncertainty of CO, CO2 and SO2 in WM9 using 

binary standards 

Component 
Gravimetric 

Mole Fraction 
(µmol/mol) 

Gravimetric 
Uncertainty 

(K=2) 

Verification 
Mole Fraction 

(µmol/mol) 

Verification 
Uncertainty 

(K=2) 
% Difference 

CO 1055.230 0.051 1044.672 0.397 1.001 

CO2 106361.481 8.090 106486.621 217.551 -0.118 

SO2 377.660 0.086 378.158 0.771 -0.132 

 

Table A3: Gravimetric and verification mole fractions and uncertainty of NO and SO2 in WM12 using 
binary standards 

Component 
Gravimetric 

Mole Fraction 
(µmol/mol) 

Gravimetric 
Uncertainty 

(K=2) 

Verification 
Mole Fraction 

(µmol/mol) 

Verification 
Uncertainty 

(K=2) 
% Difference 

NO 1009.476 0.090 1025.894 0.777 -1.626 

SO2 1002.438 0.209 1003.644 1.520 -0.120 

 

Table A4: Gravimetric and verification mole fractions and uncertainty of CO, CO2, NO and SO2 in WM17 
using binary standards 

Component 
Gravimetric 

Mole Fraction  
(µmol/mol) 

Gravimetric 
Uncertainty 

(K=2) 

Verification 
Mole Fraction 

 (µmol/mol) 

Verification 
Uncertainty 

(K=2) 
% Difference 

CO 1023.095 0.168 1013.525 0.337 0.935 

CO2 101847.527 7.807 102094.245 357.434 -0.242 

SO2 1033.529 0.239 1039.255 1.728 -0.554 

NO 1002.786 0.151 1017.083 2.042 -1.426 
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Appendix B: Stability of gas mixtures and verification concentrations: 
Figures B1 to B4 

 

Figure B1: The stability of CO from CO/CO2/NO/SO2 in N2 gas mixtures using various methods for WM17 

 

Figure B2: Stability of CO2 from CO/CO2/NO/SO2 in N2 gas mixtures using various methods for WM17 
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Figure B3: NO stability from CO/CO2/NO/SO2 in N2 gas mixtures using various methods for WM17 

 

 
Figure B4: Stability of SO2 from CO/CO2/NO/SO2 in N2 gas mixtures using various methods for WM17 
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More than 4 million South African households rely on coal as a primary fuel source, 
especially during winter. The household combustion of coal typically produces harmful 
emissions such as carbon monoxide, sulphur dioxide, nitrogen oxides, fine particulate 
matter, volatile organic compounds, and polycyclic aromatic hydrocarbons. The total 
amount of coal fines in the top ten coal-producing countries exceeds 30 billion tons. 
Since coal is a non-renewable source of energy, it is important to reduce coal fines waste 
and find cost-effective methods of utilising coal fines that are currently discarded. Several 
studies suggest that cookstoves that utilise packed bed combustion with homogeneous 
fuel particles (both in geometry and composition, for example, coal pellets) have 
improved emissions performance compared with ordinary cookstoves. Coal fines are 
already used to produce low smoke fuels for electricity generation in South Africa. 
However, the literature suggests that these fuels are seldom used in rural and informal 
settlements. This study aims to determine the thermal and emissions performance of 
coal pellets prepared with different binders to identify the most suitable coal pellet fuel to 
be used as an alternative to current domestic solid fuels. Coal pellets with different 
chemical and mechanical characteristics were combusted in a semi-continuous coal 
stove. It was found that the combustion rate of coal pellets was comparable to the 
combustion rate of lump coal in the semi-continuous coal stove. All the pellet batches 
produced higher levels of CO compared to lump coal. The emission factors for coal and 
coal pellets were also compared. It was found that the use of a PVA binder for a domestic 
fuel application could be advantageous since it does not contribute to the emission levels 
of coal fines. It is concluded that the combination of pelletised coal waste and the 
innovative cross draft semi-continuous stove could provide an affordable domestic 
energy technology for the highly air polluted, low-income settlements of the South African 
Highveld. 

Keywords: coal; combustion; coal pellets; coal stove, emissions, thermal efficiency. 

1. Introduction 

South Africa's department of energy (DoE) 
indicated that the combustion of coal and coal-
derived fuels satisfies more than 70% of South 
Africa's industrial and domestic energy demands 
(Ratshomo & Nembahe, 2016; South African 
Department of Energy, 2020). Coal in South Africa is 
mainly used in power stations and petrochemical 
processes. Less than 4% of the total annual coal 
produced is purchased by local merchants and sold 

for domestic use (Balmer, 2007; South African 
Department of Energy, 2020). The DoE also 
reported that households mainly rely on coal 
combustion for domestic activities since it is a 
relatively cheap fuel source, especially for informal 
settlements situated near coal mines (Ratshomo & 
Nembahe, 2016). Coal combustion has two primary 
purposes for these households: space heating and 
cooking (Balmer, 2007). Research indicated that 
households in low-income settlements follow the 
"energy ladder" hypothesis, which dictates that 
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residents will adopt cleaner forms of energy as their 
income increases (Chambwera & Folmer, 2007; 
Muller & Yan, 2018). With a current (and increasing) 
South African unemployment rate of 32.6% (Stats 
SA, 2021), millions of residents will continue to rely 
on coal and biomass combustion for energy 
demands. 

Studies on the health effects of household air 
pollution (HAP) conducted over the past ten years 
have indicated that HAP contributes globally to 3 - 4 
million premature deaths annually, mainly in middle 
and low-income countries (Champion et al., 2020; 
Gakidou et al., 2017; Ravindra et al., 2021; WHO 
(World Health Organisation), 2016). Particulate 
matter produced by household combustion can often 
contain acids, heavy metals such as lead (Pb), 
manganese (Mn), or other organic substances that 
are harmful to human life upon chronic exposure 
(Fayiga, 2018). Indoor pollutants generated from 
hydrocarbon combustion contribute to respiratory 
diseases and other cardiovascular ailments (Muller 
& Yan, 2018). Various studies indicated that 
households exposed to HAP, compared to 
households that utilise clean energy, have increased 
risks of all-cause mortality and reported respiratory 
diseases and cardiovascular ailments (Hystad et al., 
2019). In 2010, the IARC (World Health Organization 
International Agency for Research on Cancer) 
concluded that the household pollutants from coal or 
coal-related fuels are a Group 1 carcinogen, further 
supporting the correlation between household coal 
combustion and chronic respiratory diseases. 
Studies also indicate that indoor pollutants are 
associated with childhood chronic lung diseases and 
pneumonia (Gordon, 2016; Grigg, 2009). 

The South African coal mining industry is 
estimated to produce more than 250 million tonnes 
of coal per year, of which 4% (10 million tonnes) are 
found to be ultra-fine coal (Reddick et al., 2007). 
These coal fines have an average size of 150 
micrometres and a calorific value (CV) of 
approximately 23 MJ/kg (Reddick et al., 2007). 
Discarded coal fines present several risks and 
hazards, including acid mine drainage, dust release, 
and spontaneous combustion (Reddick et al., 2007). 
The marketing of waste coal fines faces significant 
difficulties such as storage, handling, and transport, 
especially when the fines are wet, or in the case of 
dry fines, have a high content of dust particles <50 
µm in diameter (Taulbee et al., 2012). Since coal is 
a non-renewable source of energy, it is important to 
reduce coal fines waste and find cost-effective 
methods of utilising current discarded coal fines.  

A study was conducted by Muzenda (2014) to 
investigate the potential uses of South African coal 
fines. The utilisation of coal fines to produce low 
smoke fuels was an already existing method of 
energy generation in South Africa. Most of the other 

methods of coal fines utilisation are still in the 
theoretical/planning stages (Muzenda, 2014). 
Several studies suggested that cookstoves that 
utilise packed bed combustion with homogeneous 
fuel particles (both in geometry and composition; for 
example, coal pellets) have improved emissions 
performance compared to ordinary cookstoves 
(Champion et al., 2020). Even though coal 
agglomerates can be used as an alternative fuel for 
combustion appliances, various studies conducted 
in South African low-income settlements indicate 
that it is seldom utilised (Balmer, 2007). 

This study aims to determine the thermal and 
emissions performance of coal pellets with different 
properties, to identify how these properties influence 
the combustion thereof in a semi-continuous coal 
stove.  

2. Methodology  

Three batches of coal pellets containing different 
binders and one batch of standard D grade lump coal 
was used to investigate the influence of the pellet 
properties on combustion. These pellets with 
different properties were prepared by an external 
company (CoalTech Pty Ltd). The binders used for 
these pellets include polyvinyl alcohol (PVA), starch, 
and water (also referred to as binderless pellets). 
The coal pellets were characterised by proximate 
analyses and mechanical strength tests as given by 
the ISO standards for the relevant tests. All pellet 
batches were in a size range of between 19 mm and 
6.7 mm.  

The main experimental equipment used in the 
study is the semi-continuous coal stove developed 
at the North-West University, coupled with various 
thermal and emissions measurement equipment. 
The thermal data was collected using multiple K-type 
thermocouples and a laser pyrometer. The 
thermocouples were used to determine the internal 
stove and ambient air temperatures, while the 
pyrometer was used to obtain stove surface 
temperatures. The emissions data was collected 
from a Horiba PG 350 gas analyser, coupled with the 
necessary sampling equipment (a conditioning unit, 
sampling line filters and line heating apparatus). The 
analyser reported sulphuric oxides (SOx), nitrogen 
oxides (NOx), carbon dioxide (CO2), carbon 
monoxide (CO) and oxygen (O2) concentrations in 
the stove exhaust gas. For combustion mass loss 
data, a load cell was installed under the stove to 
record the stove mass as a function of time. A piping 
and instrumentation diagram of the apparatus is 
presented in Figure 1. 

The semi-continuous coal stove used as the 
primary combustion appliance, and all relevant 
internal components, can be seen in Figure 2. The 
semi-continuous stove was developed by improving 
the well-known coal gasification cookstove design 
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(Patel et al., 2016; Sweeney et al., 2017). In Figure 
2, three distinct sections can be observed: the 
hopper, the combustion chamber, and the heat 
exchanger chamber. The coal pellets are loaded into 
the hopper, from where the fuel is gravity fed to the 
combustion chamber via the grate. A fraction of the 
fuel is ignited at the bottom of the combustion 
chamber, which forms the initial combustion zone. 
After that, as ash and inert compounds fall through 
the grate, more fuel slides into the combustion zone 
and consequently ensures the propagation of the 
combustion zone towards the hopper. The hot flue 
gas and gaseous combustion products are directed 
upwards to the upper surface of the stove (the stove 
cooking surface). The flue gas flows into the heat 

exchanger chamber, where heat is transferred to the 
metallic surfaces of the stove. A baffle plate is used 
to maximise the heat transfer efficiency in this 
chamber. Finally, the flue gas exits the stove via the 
chimney and flows into the atmosphere minimising 
indoor pollution and direct contact with the stove 
user. The temperatures within the stove are 
monitored with thermocouples, as indicated in 
Figure 2 by the red dots. During operation, the built-
in air controller is used to vary the airflow to the 
combustion zone. This allows for three stove power 
settings: low-power, medium-power, and high-
power. The blue arrow and orange arrows in Figure 
2 represent the flow of air into the stove and flue gas 
flow in the heat exchanger chamber, respectively.

 

Figure 1. Piping and instrumentation diagram of the experimental setup. 

 

Figure 2. Internal structure and components of the semi-continuous coal stove. 

Thermocouple position

Refractive brick wall

Grate & handle

Ash tray

Chimney

Exhaust baffle
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3. Results and discussion 

Although several particle properties influence the 
combustion performance of coal pellets, this paper 
focuses on the effects of various binders used to 
produce the pellets. Where appropriate, correlations 
of results with other pellet properties are discussed. 
The experimental results are labelled according to 
the type of binder. Proximate analyses on an air-
dried basis for the four fuel batches are given in 
Table 1. All four fuels can be classified as C or D 
grade coal based on the calorific value and fuel 
composition, thus representing the fuel quality 
currently used in South African low-income 
communities. The binderless and PVA binder pellets 
have identical compositions since they were 
prepared from the same coal fines. Hence, the 
addition of a PVA binder did not significantly 
influence the fuel composition. The relative low ash 
content of the starch binder pellets can be attributed 
to the origin of the fines, which were likely procured 
from a local coal wash plant. 

Grate shakes result in ash settling into the 
ashtray and consequently increases the combustion 
rate, combustion temperatures and decrease the 
excess oxygen in the flue gas. During operation, 
frequent grate shakes were required to ensure 
stable operation and semi-steady state behaviour 
within the stove. An ideal fuel for domestic use would 
require few to no grate shakes, which would result in 
continuous operation with no user interaction 
required. However, due to the high ash content of 
South-African fuels, grate shakes are the reality 
being faced during operation. These grate shakes 
are responsible for significant temperature and 
emissions fluctuations within the stove. Grate shake 
criteria were set for all experiments to minimise 
these fluctuations. Grate shakes were performed 
when: 

• Visible dead zones are observed in the 
combustion chamber. 

• The combustion chamber temperatures 
decreased below 300°C, indicating high ash 
levels. 

• High oxygen levels were observed in the flue 
gas (approximately 10% – 13% O2). 

Table 1. Fuel composition. 

Lump coal (D grade) 

Moisture content (%) 4.0 

Ash content (%) 21.4 

Volatile matter (%) 24.5 

Fixed carbon (%) 50.1 

Calorific value (MJ/kg) 23.6 

Binderless Pellets 

Moisture content (%) 5.8 

Ash content (%) 26.0 

Volatile matter (%) 21.5 

Fixed carbon (%) 46.7 

Calorific value (MJ/kg) 20.5 

Starch Binder Pellets 

Moisture content (%) 8.6 

Ash content (%) 12.2 

Volatile matter (%) 19.2 

Fixed carbon (%) 60.0 

Calorific value (MJ/kg) 25.1 

PVA Binder Pellets 

Moisture content (%) 6.0 

Ash content (%) 25.7 

Volatile matter (%) 22.9 

Fixed carbon (%) 45.4 

Calorific value (MJ/kg) 20.3 
 

All three criteria rules were indicative of fuel 
combustion rate and the ash settling ability of the 
fuel. In other words, if more grate shakes were 
required, increased amounts of pellets remained 
coherent after combustion and did not settle through 
the grate as intended. During experiments, the 
following observations were made: 

• The pellet batches displayed ideal pre-
combustion packing and handling behaviour, 
including minimal handling and breakage losses 
during fuel loading and efficient packing on the 
stove grate. These observations increase the 
technical feasibility of implementing coal pellets 
as an alternative fuel in rural environments. 

• The binderless pellets and PVA binder pellets 
displayed minimal ash fusion during 
combustion, while the starch pellets formed 
clinkers (metallic slag formation) underneath the 
stove bridge. This characteristic is detrimental 
to the stove's operation since these formations 
blocked the fuel from reaching the combustion 
zone. The formation of these clinkers can be 
credited to the fuel composition or a possible 
fluxing compound within the binder, which 
lowered the ash fusion temperature during 
combustion. 

In Figure 3, the time sequences of combustion 
chamber temperatures are presented for each 
binder type. The temperature fluctuations and 
influence of the grate shake on the combustion zone 
can be seen. The lump coal and the binderless 
pellets required a similar number of grate shakes, 
while the starch binder pellets required the least. 
This might be due to the low ash content or the 
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increased ash settling rate after combustion. 
Furthermore, the combustion duration of the starch 
and binderless pellets exceeded that of the PVA 
binder pellets and lump coal. This is in accordance 
with literature that reported that the addition of PVA 
binder makes agglomerates more prone to being 
ignited and increases the combustion rate of the fuel 
(Li et al., 2016). 

Finally, the lump coal data displayed a large 
temperature increase during the ignition phase of the 
experiments (the first hour after fuel ignition). In 

contrast, the coal pellets remained at a lower 
temperature during this phase. The starch binder 
pellets showed the largest average combustion zone 
temperature compared to the other fuel batches. 
Finally, it was also found that the lump coal had the 
largest temperature fluctuations after grates shakes 
were performed. These fluctuations correlate with 
ash formation (ash acts as a combustion inhibitor 
and insulates the combustion zone) and indicate 
dead zones, as shown in Figure 3(i) at 4 and 6 hours 
after ignition.  

 
Figure 3. Combustion chamber temperature of i) lump coal, ii) PVA binder pellets, iii) binderless pellets and iv) 

starch binder pellets. 

In Figure 4, the combustion mass loss rate (A), 
as well as the normalised mass fraction (ash-free 
basis) (B), are displayed. The combustion rate is 
directly proportional to the mass-loss rate (the 
gradient of the curve in Figure 4A) and the 
combustion temperatures in Figure 3. This 
correlation can be observed for the high ignition 
temperature of lump coal (Figure 3) and the relatively 
steep gradient of the lump coal graph (Figure 4), 
between 0 – 2 hours after ignition. Both observations 
indicate an increased initial combustion rate when 
compared to the other fuel batches. Furthermore, 
the PVA binder pellets displayed the highest mass 
loss rate, and therefore combustion rate, followed by 

the lump coal. The starch binder pellets and 
binderless pellets showed similar overall combustion 
mass-loss rates. 

The residual ash-free mass fractions are 
indicated in Figure 4B by the final values at the end 
of the combustion sequence. This is representative 
of the overall combustion efficiency for each of the 
respective runs. It was found that the PVA binder 
pellets had the highest combustion efficiency and 
the lowest fraction of unburnt carbon left in the 
ashtray. All pellet batches displayed improved 
combustion efficiency compared to lump coal, which 
might be due to the geometry and packing of the fuel.  
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Figure 4: Experimental results of A) combustion mass loss rate and B) the normalised combustion mass loss 

(ash-free basis). 

In addition to the temperature and mass loss 
data, emissions data was also captured to calculate 
overall emission factors. These factors can be 
calculated using the flue gas flow rate and assuming 
the ideal gas law to determine the quantity of each 
pollutant emitted. However, the data presented in 
this section were determined using an overall mass 
balance calculation due to the limitations faced with 
flue gas measurements. The emission factors are 
displayed in dimensions [g/MJ], which conveys the 
amount of a certain pollutant emitted per energy 
delivered by the stove. These factors were 
calculated as follows: 

 �̇�𝑎𝑖𝑟 +  
𝜕𝑚

𝜕𝑡
= �̇�𝑐ℎ𝑖𝑚 (1) 

 𝐶 +  𝑂2 →  𝐶𝑂2 + 𝛥𝐻𝑟 (2) 

 𝑆 +  𝑂2 →  𝑆𝑂2 + 𝛥𝐻𝑟 (3) 

 𝐻2 +
1

2
𝑂2 →  𝐻2𝑂 + 𝛥𝐻𝑟 (4) 

 𝐶 +
1

2
𝑂2 → 𝐶𝑂 + 𝛥𝐻𝑟 (5) 

 
1

2
𝑁2 +

1

2
𝑂2 → 𝑁𝑂 + 𝛥𝐻𝑟 (6) 

 𝐸𝐹𝑖 =
(𝑀𝑤𝑖)(𝑛𝑖)

(𝑚𝑓)(𝐶𝑉)(𝜂)
 (7) 

where: 

• �̇�𝒂𝒊𝒓 is the mass flow of air entering the system 
(kg/hr) 

• 
𝝏𝒎

𝝏𝒕
 is the combustion net mass loss per time 

(kg/hr) 

• �̇�𝒄𝒉𝒊𝒎 is the mass flow of flue gas exiting the 
chimney (kg/hr) 

• 𝜟𝑯𝒓 is the heat of reaction (kJ/mol) 

• 𝒏𝒊 is the quantity of each pollutant emitted as 
obtained from the gas analyser data (kmol) 

• 𝑴𝒘𝒊 is the pollutant molar weight (kg/kmol) 

• 𝒎𝒇 is the mass of fuel loaded into the stove (kg) 

• 𝑪𝑽 is the calorific value of the fuel (MJ/kg) 

• η is the overall thermal efficiency of the 
combustion experiment (-). 

With the initial composition of the fuel known, 
Equations 2 – 6 can calculate the extent of reaction 
and, therefore, the total theoretical mole of each 
pollutant emitted. However, the true value of the total 
mole emitted can be calculated by integrating the 
pollutant concentrations (as reported by the gas 
analysers) with time. This mole value is then 
multiplied by the molar weight of each component 
and divided by the heat obtained during the 
experiment (as given in Equation 7).  

The results of the emission factor calculations are 
summarised in Table 2. 

The emission factors presented in Table 2 
represent the four fuel batches. They are compared 
to the emission factor results obtained in literature by 
combusting lump coal and low smoke fuel (LSF) in a 
domestic DoverTM coal stove (Sumbane et al., 2017). 
In Table 2, the pellet batches displayed higher levels 
of CO than lump coal, possibly due to the size and 
packing of the fuel. The spherical nature of the coal 
pellets increases the propagation of the combustion 
zone from the combustion chamber to the hopper. 
Since the airflow rate is kept constant, the availability 
of oxygen cannot satisfy the increasing stoichio-
metric oxygen demand, and therefore higher levels 
of carbon monoxide are observed. 

Page | 103



Table 2: Emission factors of coal stove and fuel combinations. 

Fuel Emission factors (g/MJ) 

  CO
2
 CO NOx SOx 

PVA binder pellets 87.8 1.05 0.07 0.34 

Binderless pellets 87.0 1.78 0.07 0.32 

Starch binder pellets 90.3 2.78 0.02 0.27 

Grade D lump coal 89.1 0.51 0.15 0.35 

Low-smoke fuels in domestic stove (Sumbane et al., 2017) 89 4.8 0.4 4.1 

Lump coal in domestic stove (Sumbane et al., 2017) 98 3.4 0.3 1.2 

 

Furthermore, the NOx emission factors of all the 
coal pellets are significantly lower than for lump coal. 
This might be due to the average combustion bed 
temperature during the experiments. An indirect 
proportional correlation can be made between the 
average combustion bed temperatures (Figure 3) 
and the NOx emission factors. A possible 
explanation might be that the NOx molecules 
thermally decompose to N2 and O2 at elevated 
combustion bed temperatures (but still below 
thermal NOx formation temperatures). From Table 2, 
it can also be seen that the SOx emissions remain 
relatively constant for all fuel types combusted in the 
semi-continuous coal stove. This can be attributed to 
sulphur, an inherent or extraneous element in coal 
that is not significantly influenced by combustion or 
fuel geometry. The addition of a PVA binder to the 
coal fines did not influence the NOx or SOx emission 
rates, as seen when the emission factors of PVA 
binder pellets and binderless pellets in Table 2 are 
compared. Finally, it is observed that all fuel batches 
in combination with the improved semi-continuous 
coal stove display significantly lower emission levels 
than both low smoke fuel and lump coal when burnt 
in a domestic coal stove. 

4. Conclusion 

Three coal pellet batches and one lump coal 
batch was combusted in the semi-continuous coal 
stove developed at the North-West University. All the 
fuel batches required grate shakes to increase the 
ash settling rate and decrease dead zone formation. 
However, the starch binder pellets required the least 
grate shakes and exhibited the best ash settling rate. 
Furthermore, the PVA binder pellets exhibited the 
highest combustion rate and combustion efficiency. 
It was found that all the pellet batches produced 
higher levels of CO when compared to lump coal, 
with the PVA binder pellets producing the least. The 
addition of a PVA binder did not influence NOx or 
SOx emissions of coal pellets. For a domestic fuel 
application, using a PVA binder could be 
advantageous since it does not contribute to the 
emission levels of coal combustion and increases 
the combustion rate of coal fines (which is ideal for 

cooking purposes). The PVA binder also increases 
the durability of the agglomerates and contains no 
fluxing compounds. Finally, it was found that all the 
fuel batches in combination with the improved semi-
continuous coal stove delivered significantly lower 
NOx, SOx, and CO emission levels than when 
compared to a domestic DoverTM coal stove burning 
lump coal and LSF. The semi-continuous coal stove 
coupled with lump coal or coal pellets is suitable for 
domestic use, but should be further improved to 
increase safety and performance.  

5. Recommendations 

Using a PVA binder for further investigation should 
be considered. A fuel sample with a wide size range 
should also be investigated to determine the 
influence of particle size, particle geometry and fuel 
packing on combustion. The effect of coal pellets' 
ash content and composition should also be 
investigated to determine the influence on coal pellet 
combustion parameters. 
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Air quality management (AQM) plans are increasingly being questioned as a good 
decision-making instrument in South Africa. This paper aims to identify key assumptions 
underlying the process of air quality management planning in South Africa through the 
application of the theory of change (ToC) method. The selection of ToC methodology 
enables us to apply evaluative thinking to determine and interrogate the validity of the 
underlying assumptions. The assumptions were identified using the ToC map and ToC 
narratives followed by workshops with relevant specialists and stakeholders in the field 
which then resulted in the identification of 18 key assumptions relating to air quality 
management planning in South Africa. This study recommends the testing of the 
identified assumptions as the next step of the research towards a better understanding 
of air quality management planning as a policy instrument in South Africa. 

Keywords: air quality management plans, AQMP, narrative, Theory of Change. 

1. Introduction  

As a means towards regulating issues of air 
pollution, governments in many countries have been 
developing and implementing regulating policies and 
legislations to manage activities that contribute to air 
pollution (Mukwevho et al. 2020). One of these policy 
interventions is the development and implemen-
tation of air quality management plans (AQMPs). An 
air quality management plan is defined as a tool that 
describes the present state and what could be done 
to ensure clean air in a city or region (Sivertsen & 
Bartonova 2012). It stipulates the goals and 
objectives for a region and describes short and long 
term policies and controls to improve air quality. An 
AQMP outlines the air quality status quo of an area 
including trends over time as well as measures to be 
implemented towards improving air quality in a 
region (DEA, 2012). 

In South Africa an AQMP is a legal requirement 
in terms of chapter 3 section 15 of the National 
Environmental Management Air Quality Act 
(NEM:AQA) no 39 of 2004. This Act requires each 
national department, province, and municipality to 
prepare an AQMP. Section 17 of the same act 
further says that those organs of state that prepare 
the AQMP must also report on the implementation of 
the plan. 

Once the AQMP is developed the national and 
provincial environmental departments must include 
the AQMP into environmental management plans 
(EMPs) and environmental implementation plans 
(EIPs) (Naiker et al. 2012). Municipalities are also 

required in terms of chapter 5 of the Municipal 
Systems Act 32 of 2000 to include an AQMP in their 
strategic planning document and the Integrated 
Development Plan (IDP). 

However, since the promulgation of NEM:AQA in 
2004, not all municipalities and provinces have 
developed and implemented AQMPs as required by 
the act (Tshehla, 2019). Tshehla further argues that 
given that the status quo has not changed in many 
areas this shows that there could be underlying 
problems in the implementation of the AQMPs.  

This paper therefore aims to identify key 
assumptions relating to air quality management 
planning in South Africa using Theory of Change 
(ToC) approach. 

1.1 Theory of Change (ToC) method of 
evaluation for identifying key 
assumptions  

A series of theory based evaluation programmes 
have been developed internationally over the past 
30 years with Theory of Change (ToC) being 
originally introduced in the field of evaluation in the 
1990s (Hansen & Vedung 2010; Alberts et al. 2020). 

Biggs et al. (2017) defines ToC as an instrument 
that support decision-making by identifying the 
causal relationships and sequences of events 
required for a programme to reach its intended 
outcomes or impacts and describes the key 
assumptions in each step of the process. Connell 
and Kubisch (1998) further describe ToC as a 
systematic and cumulative study of the links 
between activities, outcomes, and contexts of the 
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initiative by specifying how activities will lead to 
interim and longer-term outcomes and identifies the 
contextual conditions that may affect them. Theory 
of change exposes the assumptions about what and 
how things should happen in a specific programme 
as well as to test the validity of such assumptions 
(Connell & Kubisch 1998, Amundsen & D’Amico 
2019). 

1.2 ToC Justification  

Among many other policy evaluation methods in 
evaluation studies that rely on the identification of 
assumptions, the ToC approach has been 
recognised as a best practice evaluation method 
(Connell & Kubisch 1998; Davidson 2005; Stein & 
Valters 2012). Internationally, several development 
programmes have also used ToC with many 
international agencies considering ToC as a best 
practice evaluation method (USAID 2015). 

This study argues that there are two main 
reasons of selecting ToC as an appropriate 
methodology in evaluating air quality management 
plans (AQMPs) for South Africa. Firstly, the 
effectiveness of AQMPs as a policy instrument for 
addressing air quality issues in South Africa has 
been understudied and no study to date has been 
done to identify and evaluate the assumptions 
relating to AQM planning specifically using the ToC 
approach.  Secondly, ToC is a method formally 
prescribed by the South African government for 
policy evaluation and monitoring (DPME 2011, 
Alberts et al. 2020). The results presented in this 
paper forms part of a bigger research study on 
evaluating the effectiveness of AQM planning in 
South Africa. However, this paper’s focus is 
specifically limited to key assumptions identification 
using ToC.   

1.3 Importance of Assumptions in 
evaluation studies 

According to Brookfield (1995) assumptions are 
perceived as beliefs, expectations or considerations 
that are taken for granted about how the world 
works. Assumptions may be valid or invalid and 
there may only be a few that are critical among the 
many assumptions underpinning an intervention 
(van Es & Guijt 2015). This means that if these 
assumptions are not valid, the intervention will 
probably not work as planned and it is therefore 
important to do a risk analysis to determine which 
assumptions are most critical to monitor (van Es & 
Guijt 2015). 

Theory of change for any approach is developed 
through agreements with relevant stakeholders and 
practitioners in that field to unpack a complex 
programme and test the validity of the identified 
assumptions (Connell & Kubisch 1998; Allen et al. 
2017; Alberts et al. 2020). The development of a ToC 
generally leads to a logic model diagram or a map 

(Figure 1) as well as a narrative to provide a guiding 
framework for the project team and stakeholders 
(Allen et al. 2017). In the end, the outcomes of a ToC 
evaluation are a conceptual framework with related 
causal narrative to guide evaluation (Alberts et al. 
2020). Alberts et al. (2020) further argues that the 
causal narrative is described and structured around 
a sequence of different so-called evaluation 
components namely: inputs, activities, outputs, 
outcomes and impacts (Figure 1). 

2. Methods 

As discussed, the ToC for any programme needs 
to be done through agreements with relevant 
stakeholders and practitioners in that field to unpack 
a complex programme and test the validity of the 
identified assumptions. A similar approach has been 
followed in this study in which several workshops 
were conducted with various key stakeholders to 
identify key assumptions for AQM planning in South 
Africa. 

2.1 ToC development 

The initial step was the development of the ToC 
map relating to AQM planning by the author based 
on the understanding of the South African legal 
framework relating to AQM planning process as 
shown in Figure 1. The ToC map explores the causal 
linkages between the components of the ToC 
approach (i.e. design, inputs, activities, output, 
outcome and impact). 

Next step was the facilitation of ten workshops 
between June and July 2021 with various 
stakeholders practicing in the field of air qualify. The 
workshops were conducted as outlined in Table 1: 

• South African Internal Specialist Workshop: 
The very first ToC conceptual framework and 
narrative was designed and developed following 
key specialist workshop with internal specialists 
at the North-West University (NWU) who are well 
established in the application of ToC 
methodology in various sectors of environmental 
management. The specialists are all locally and 
internationally acknowledged professional 
researchers in their respective disciplines of 
environmental sciences and management.  

• Consultants and practitioner workshops: 
Following the internal specialist workshop, the 
conceptual ToC map and assumptions 
developed were presented to professional 
consultants and practitioners who are air quality 
scientists and managers practicing in industry 
(e.g. academics, consulting firms, State Owned 
Entities). Solid inputs from this workshop were 
provided by the participants which were then 
used to further refine the ToC map and 
Assumption. Table 1 shows the details about the 
workshops conducted. 
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• Regulator workshops: Following the 
consultants and practitioner’s workshops, the 
ToC map and assumptions were again 
presented to a regulator workshop for further 
refinement obtaining the regulator’s perspective. 
Representatives from various spheres of 
government were invited including national 
department, provincial and local municipalities. 

• International Specialist Inputs: To ensure 
broader perspective on the history of air quality 
legislation in South Africa and international point 
of view, a workshop was held with Dr Greg Scott 
who was initially involved in the development of 
air quality legislation and guidelines in South 
Africa, who is now based abroad. 

Table 1. Workshops conducted with various 
stakeholders between June and July 2021: 

Dates Worksop Type 
Representing 
organisation 

Workshop 2: 24 
March 2021 

Developmental 
Workshop 

North-West University 

Workshop 3: 21 
May 2021 

Specialist/Academia 
Workshop 

University of Cape 
Town 

Workshop 4: 25 
May 2021 

Specialist/Academia 
Workshop 

University of 
Johannesburg 

Workshop 5: 25 
May 2021 

Specialist//consultant 
Workshop 

Airshed Professionals 

Workshop 6: 02 
June 2021 

Regulator Workshop 
DEFF 

 

Workshop 7: 03 
June May 2021 

Regulator Workshop 
GDARD and City of 
Johannesburg 

Workshop 8: 03 
June May 2021 

Specialist Workshop Eskom 

Workshop 9: 08 
June 2021 

Specialist Workshop GDARD 

Workshop 10: 30 
June 2021 

Regulator workshop DEFF 

 

3. Results and Discussion 

3.1 ToC map underpinning the AQM 
planning in South Africa 

Based on the ToC design and the various 
workshops conducted, the results of this study 
provides the ToC map, key assumptions as well as 
the narrative framework for AQMP planning in South 
Africa. The ToC map in figure 1 shows the 
components (design, inputs, activities, output, 
outcome and impact) of the AQM planning in South 
Africa as well as the causal linkages between these 
components. Based on the workshops held with 
various key stakeholders, eighteen (18) key 
assumptions were identified pertaining to AQMP 
development and implementation in South Africa. 
These identified assumptions are embedded within 
different components of the ToC map. It is important 

to mention that the assumptions discussed in this 
study are not the only assumptions that exist relating 
to the AQM planning programme in South Africa. 
The 18 key assumptions identified are found to be 
the fundamentally important ones that may have 
significant impact on the process of AQM planning in 
South Africa. 

Moreover, in identifying the key assumptions 
through engagements with various stakeholders, 
this study applied evaluative thinking (ET). 
Archibald, 2016 defines ET as “critical thinking 
applied in the context of evaluation, motivated by an 
attitude of inquisitiveness and a belief in the value of 
evidence, that involves identifying assumptions, 
posing thoughtful questions, pursuing deeper 
understanding through reflection and perspective 
taking, and informing decisions in preparation for 
action”.  

The 18 key assumptions (number 1-18 in Figure 
1) identified in this study are described in detail 
below in see section 3.2 using the ToC narratives 
which gives a description of the causal linkages 
between the six stages or components of the ToC 
map as well as providing the assumptions relating to 
each of the component. These components are: 
Design component; Input component; Activity 
component; Output component; Outcome 
component; and Impact component. 

Input component describes the resources 
required for a programme such as money, staff, 
equipment, and infrastructure. Activities component 
comprise of the interventions and actions that need 
to be undertaken to achieve specified outputs. 
Outputs component produces the tangible results 
emanating from the activities component. Outcomes 
component can be split into intermediate (short-term 
and medium-term) and long-term outcomes, and are 
usually specified in terms of sequential preconditions 
(Allen et al. 2017). Short term are the changes in 
individuals and groups such as including 
enhancements to knowledge, understanding, 
perceptions, attitudes, and behaviours. Medium term 
outcomes results in changed skills and practices 
such as changed behaviours to accomplish results, 
or capabilities. Long term outcomes would result in 
desired goals such as increased ecosystem and 
human health which can be assessed over multiple 
value areas including social, cultural, economic, and 
environmental (Allen et al. 2017). A design 
component outlines the context in which a 
programme emanates (DPME, 2011). 
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Figure 1. ToC map for AQM planning in South Africa showing the six components (i.e. design, input, activity, 

output, outcome, and impact components). The figure also shows the key assumptions numbered 1 to 18 
identified for each component in red dotted circles.  

3.2 Theory of change narrative for AQM 
Planning 

A key aspect in building a valid theory of change 
(ToC) model to evaluate any programme is the need 
to distinctly describe the narratives and other 
evidence in order to assist those involved in the 
thought process to easily connect between the 
different components of the ToC map (Connell & 
Kubisch 1998). A ToC narrative provides a 
framework within which to tell the story of the 
programme as it is implemented to reflect on what it 
achieves and how that relates to the assumptions 
and rationale guiding its design (Mason and Barnes, 
2007). In addition, ToC narrative and ongoing 
approach to the development of ToCs allows us to 
identify issues for further clarification over time or 
through further data collection. 

The ToC narrative described in this section is 
developed for air quality management (AQM) 
planning in South Africa and should be generally 
clear and understood by different stakeholders 
working in the field air quality. in the end, the ToC 

narrative, map and evaluation framework must 
provide an inner logic on how AQM planning as a 
policy instrument works or supposed to work in 
South Africa. Similar to Alberts et al. (2020), the 
narrative of the causal logic reflected in figure 1 
should be read from left to right, starting with a 
discussion of the design and input components. 

3.2.1 Design component 

The ToC design component relates to the 
relevant legal and other requirements that 
prescribes the development and implementation 
process of an air quality management plans in South 
Africa. This study contends that the legal and other 
requirements that informs the AQM planning starts 
from section 24 of the constitution, which then 
translate into to the National Environmental 
Management Act (NEMA) Framework legislation, 
the national framework for air quality management, 
other related key pieces of legislations and 
regulations that are directly or indirectly linked with 
the management of air quality in that order. These 
other pieces of legislations are stipulated in detail in 
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the National Framework (DEA, 2018) which also 
include the local government municipal systems act 
no. 32 of 2000 which requires that municipalities 
must incorporate their AQMPs into their IDP. Other 
key legislations include the Promotion of Access to 
Information Act no. 2 of 2000 which relates to the 
regulation of access to information, including air 
quality information, although it has provisions for 
refusing access, as well as the Promotion of 
Administrative no. 3 of Justice Act, 2000 (effected by 
section 33 of the constitution) which deals with 
formal interactions between government 
departments, the public and other stakeholders by 
informing due process in decision-making (DEA, 
2018). The design component is also comprised of 
technical guiding documents for the development 
and implementation of the AQMPs such as the 
manual for air quality management planning. The 
manual for the AQMP development in South Africa 
was developed and published by then the 
department of environmental affairs in order to 
provide guidance to all spheres of government to 
establish best practice guidelines on the definition of 
objectives, strategies, plans, and procedures to 
meet the requirements of the NEM:AQA on air 
quality management planning and reporting (DEA, 
2012). 

In agreement with various stakeholder, following 
key assumptions were identified relating to the 
design component of AQM planning for South Africa: 

• Assumption 1: The way that the AQMP is 
designed and legislated fits the overall objective 
for air quality governance in South Africa. 

• Assumption 2: The legislative framework 
provides guidance towards AQMP development 
and its implementation. 

3.2.2 Input Component 

The input component is mostly related to resources 
required for the AQM planning process to be 
effectively executed. In this case the input 
component will relate to data, information, skills and 
competencies, time, money and infrastructure 
required for the development and implementation of 
AQMPs. The following are the key assumptions 
relating to the input component: 

• Assumption 3: Resources are available to 
develop and implement the AQMP. 

• Assumption 4: Stakeholders are established 
and are actively involved in the assessment or 
AQMP process. 

• Assumption 5: Cooperative governance exists 
between government stakeholders. 

3.2.3 Activity Component: 

According to the manual for air quality 
management planning document, six steps must be 
followed in the process of developing an AQMP. 
These steps are: (1) Establishment of stakeholder 
groups, defining the boundaries of the AQMP 
geographic area and the establishment of a 
baseline; (2) Gap and problem analysis; (3) 
Establish air quality goals; (4) Develop interventions 
and a plan to achieve air quality objectives; (5) 
Implementation of the intervention strategies; and 
(6) Monitoring, reporting and evaluation as outlined 
in figure 2 (DEA, 2012, 2018). 

 
Figure 2. Showing the process Air Quality Management (AQM) Planning. The diagram showing the six stages of 
the AQM planning process as described in the manual for air quality management planning (source: DEA, 2018). 
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i. Step 1: Establishment of stakeholder groups 
defining the boundaries of the AQMP 
geographic area and the establishment of a 
baseline – this activity entails establishing the 
different committee groups as well as the 
establishment and issuing the draft air quality 
baseline report. 

ii. Step 2: Gap and problem analysis – this is 
conducted in consultation with stakeholders 
and the technical committee to evaluate the 
degree to which the baseline assessment is 
complete and allow for a clear understanding 
of air quality and impacts. Once the gaps are 
identified, the committee should initiate a 
problem analysis to determine the problems, 
associated cause of the problems and the 
effects. The gap and problem analysis should 
be documented as part of the AQMP, building 
on the baseline assessment section. 

iii. Step 3: Establishing air quality goals – based 
on the draft report and problem analysis, the 
project steering committee (PSC) and 
technical committee/advisory forum must meet 
and ratify a vision, mission and AQM goals for 
the AQMP. Then a meeting should be 
scheduled through an invitation with the 
broader Air Quality Stakeholder group. Then a 
draft document as well as a decision on goals 
being met is made available to stakeholders. 

iv. Step 4: Development of interventions and a 
plan to achieve air quality objectives - 
intervention strategies for each of the 
problems identified is formulated by the PSC 
and technical committee/advisory forum. Once 
these intervention strategies have been 
identified, an action plan noting the 
implementation schedule should be tabled with 
the buy-in from stakeholders. Once agreed, 
this implementation plan is documented as 
part of the AQMP and submitted to relevant 
stakeholders for comment. 

v. Step 5: Implementation of the intervention 
strategies – after this stakeholder consultation 
and once comments have been incorporated 
and the document finalized, an internal 
evaluation/review of the AQMP should be 
undertaken by the PSC. Once finalized, the 
AQMP is included in the IDP/EMP/EIP. 
Implementation of the AQMP is done in a 
systematic manner based on the rules 
developed in the implementation strategy. 

vi. Step 6: Monitoring, reporting and evaluation – 
it is important to monitor and evaluate the 
effectiveness of the emission reduction 
strategies on each of the priority pollutants to 
determine whether the goals are being 
achieved and the benefits realised. 
Appropriate indicators must be developed to 

monitor progress towards achieving 
compliance or other goals set. The annual 
report, which has to be submitted by Provincial 
or Local authorities in terms of section 17 of 
the Air Quality Act, 2004 and section 16(l) (b) 
of the National Environmental Management 
Act. 

Key assumptions relating to the Activity 
component identified are: 

• Assumption 6: A thorough baseline air quality 
assessment is done using current and relevant 
information and is sufficient to inform the gap 
and problem analysis. 

• Assumption 7: Gap and problem analysis is 
done. 

• Assumption 8: The intervention strategies and 
action plans are technically and economically 
feasible and are indeed implemented. 

• Assumption 9: The intervention strategies are 
sufficient to achieve ambient air quality 
standards. 

• Assumption 10: The implementation plan is 
feasible (practical, timeframes, verifiable). 

• Assumption 11: Monitoring, Reporting and 
Evaluation of the AQMP is done. 

3.2.4 Output Component 

The output component in air quality management 
planning are tangible results that are usually in a 
form of reports. The type of reports differs depending 
on the nature in which each plan was developed and 
documented. The following are some of the 
documents that are developed: 

• Information material for stakeholder involvement 
(Background Information Document, appropriate 
announcement, advertisements, and media 
releases, etc.) - this document may be useful for 
public dissemination and posting on a web page. 

• Comprehensive stakeholder database, 
comments and response document (public 
participation document) – this could be useful in 
effectively managing the public participation and 
communication process. 

• Draft baseline assessment - report this report 
covers the geography of the area (geographical 
boundaries, population, climate and other 
geographic information) and description of the 
meteorology and climate; Collecting and 
evaluating existing air quality information; 
Identifying sources and listing pollutants of 
concern; development of air quality 
management system (emissions inventory and 
dispersion modelling, and monitoring); and 
Evaluation of current management and tools 
available. 
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• Gap and problem analysis document - the gap 
and problem analysis should be documented as 
part of the AQMP, building on the baseline 
assessment section. 

• Draft AQMP - this document comprising the 
baseline assessment, gap and problem analysis, 
goals and implementation plan should be 
submitted as the draft AQMP. 

• Final AQMP - after the stakeholder consultation 
and once comments have been incorporated 
and the document finalized, an internal 
evaluation/review of the draft AQMP should be 
undertaken by the PSC to become the final 
AQMP. Once finalized, the AQMP is included in 
the IDP/ EMP/ EIP. 

Key assumptions identified relating to the output 
component are 

• Assumption 12: Stakeholder involvement have 
been incorporated in the final AQMP Report. 

• Assumption 13: AQMP report addresses the 
gaps and problems identified, ensure successful 
implementation of interventions strategies and 
ultimately ensure improvement of AQ in the 
airshed. 

3.2.5 Outcome Component 

The outcome component in air quality 
management planning is divided into immediate 
outcomes and intermediate outcomes. The 
immediate outcome depends on the sphere/level at 
which the AQMP is done. In declared priority areas, 
the AQMP must be approved and gazetted by the 
relevant minister/MEC and municipalities the AQMP 
must be included into the IDP/EMP/EIP. 
Intermediate outcomes are medium to long-term 
outcomes which give effect to the requirements of 
chapter 3, section 16(1) of NEM:AQA legislation 
which states that: 

An AQMP must - 

a) within the domain of the relevant national 
department, province or municipality. seek- 

(i) to give effect, in respect of air quality, to 
Chapter 3 of the National 5 Environmental 
Management Act to the extent that that 
Chapter is applicable to it; 

(ii) to improve air quality; 

(iii) to identify and reduce the negative impact on 
human health and the environment of poor air 
quality; 

(iv) to address the effects of emissions from the 
use of fossil fuels in residential applications; 

(v) to address the effects of emissions from 
industrial sources; 

(vi) to address the effects of emissions from any 
point or non-point source of air pollution other 
than those contemplated in subparagraph (iii) 
or (iv);  

(vii) to implement the Republic’s obligations in 
respect of international agreements; and 

(viii) to give effect to best practice in air quality 
management; 

b) describe how the relevant national department, 
province or municipality will give effect to its air 
quality management plan; and  

c) comply with such other requirements as may be 
prescribed by the Minister. 

Key assumptions identified relating to the 
outcome component are: 

• Assumption 14: The AQMP is gazetted and is 
legally enforceable. 

• Assumption 15: The AQMP is included in the 
IDP/EMP/EIP. 

• Assumption 16: The goal of an AQMP is to 
bring ambient air into compliance with the 
ambient air quality standards. 

• Assumption 17: The AQMP gives effect to 
chapter 3, section 16(1) of NEM: AQA 
requirements. 

3.2.6 Impact Component 

The ultimate impact of the AQMP system is the 
realisation of core human rights contained in section 
24 of the Constitution (1996) which states:  

“Everyone has the right — 

a) to an environment that is not harmful to their 
health or well-being; and 

b) to have the environment protected, for the 
benefit of present and future generations, 
through reasonable legislative and other 
measures that — 

(i) prevents pollution and ecological 
degradation; 

(ii) secure ecologically sustainable 
development and use of natural resources 
while promoting justifiable economic and 
social development” 

Key assumption identified relating to the impact 
component is: 

• Assumption 18: AQMP enables a progressive 
realization of the environmental right contained 
in Section 24 of the constitution. 

4. Conclusions and recommendations 

This study introduced the theory of change 
method of evaluation to identify key assumptions 
underlying air quality management planning in South 
Africa. Van Es and Guijt (2015) argue that 
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assumptions can either be valid or invalid and 
therefore it is important to determine assumptions 
underpinning an intervention or programme. This is 
because if these assumptions are not valid, the 
intervention/programme will probably not work as 
planned and it is therefore important to do a risk 
analysis to determine which assumptions are most 
critical to monitor (Van Es & Guijt, 2015). 

As a first step towards evaluating effectiveness of 
AQM planning in South Africa, this paper has applied 
ToC method to develop a ToC map and narrative to 
unpack the complex process of AQM planning which 
resulted in the identification of 18 key underlying 
assumptions from different components of the ToC 
map (i.e. design, input, activities, output, outcome 
and impact components).  

This study acknowledges that the assumptions 
identified and discussed are not the only ones that 
exist relating to the AQM planning in South Africa. 
However, the eighteen key assumptions identified 
are found to be the fundamentally important ones 
that may have significant impact on the process of 
AQM planning in South Africa. 

The next phase of this research will be to test 
these assumptions in order to understand how these 
assumptions might influence our fundamental 
understanding of how AQM planning works in South 
Africa. 
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Over the years, the continuous use of landfills has contributed to the increasing greenhouse gas 
concentrations in the atmosphere. Landfill gas comprises methane and carbon dioxide emissions 
and other Non-Methane Organic Compounds (NMOCs). Methane gas has a global warming 
potential estimated to be 28-36 times that of carbon dioxide over 100 years. Interestingly, 
methane generated from landfills is a renewable source of energy that has been used over the 
years as a source of electricity generation, especially in developed and in some developing 
countries. However, methane from landfills has been underutilised in South Africa. Due to the 
power outages (load shedding) experienced recently in South Africa, due to various reasons, it is 
paramount that methane emitted from landfills be prioritised for use as fuel for electricity 
generation. This will help offset the over-dependence on coal and especially reduce the 
continuous emissions from landfills. Therefore, the purpose of this study is to estimate the amount 
of methane emitted from the Weltervenden landfill site using the LandGEM version 3.02 and 
Afvalzorg models and to evaluate the potential utilisation of the gases emitted. The study was 
also aimed at determining the cost and benefits related to the implementation of a landfill gas 
utilisation technology. The findings of this study show that methane emissions from the landfill will 
peak in the year 2023 with values of 4 613 Mg and 3 128 Mg for LandGEM and Afvalzorg models, 
respectively. Also, the total methane emissions from 1999 to 2050 are 112 000 Mg and 27 900 
Mg for both LandGEM and Afvalzorg models, respectively. The LFGcost web model simulations 
showed that implementing a Landfill Gas (LFG) utilisation project using Microturbine and 
Combined Heat and Power (CHP) microturbine engines is economically feasible. This is 
considering the sales of electricity to the people. However, considering the sales of electricity 
generated and Certified Emission Reductions (CER) (carbon credits) to the global market, all 
engines used in this study will be economically feasible. The results and conclusions of this study 
will help enhance government policies concerning emissions from landfills, reduce continuous 
emissions from landfills and improve the overall power generation sector in South Africa. 

Keywords: Afvalzorg model, landfill, landfill gases, LandGEM, LFGcost web model, methane, 
power generation, South Africa

1. Introduction 

Municipal Solid Waste (MSW) is defined as 
refuse when derived from households and non-
hazardous solid waste when sourced from 
industries, institutions, and commercial areas. The 
continuous increase in population, urbanisation, 
income and some underlying factors can lead to the 
continuous increase in MSW (Ferronato & Torretta, 
2019). The increase in waste generated poses 
greater challenges for Municipalities and other 
stakeholders to control. When these wastes are 
deposited in a landfill, microbial decomposition 
occurs, emitting greenhouse gases into the 
atmosphere. This affects both humans and the 
environment (Njoku et al., 2018). MSW can also be 
viewed as a resource, particularly when recycled for 
gainful use.   

The management of MSW consists of the 
periodic functions of waste collection, transfer, 
resource recovery, recycling, and treatment, with the 
main objectives of protecting human health, 
improving environmental quality, developing 

sustainability, and supporting economic productivity 
(Henry et al. 2006). Approximately 90% of South 
Africa's waste is managed and deposited in landfills 
(DEA, 2011). South Africa produces about 100 
million tonnes of general solid waste every year. An 
average person in South Africa produces 
approximately 0.8 kg of waste per day (0.3 kg in low-
income households and 1.3 kg in high-income 
households) (Njoku et al., 2020). This is almost the 
average amount of waste produced in developed 
countries (Njoku et al., 2020).  

When MSW is deposited in a landfill, the organic 
materials present in the waste undergo 
decomposition, chemical reaction and volatilisation. 
During these processes, gases are emitted from the 
landfill, referred to as landfill gas (LFG). According to 
Williams (2001), LFG is primarily composed of 
methane (CH4 - 45-60%), carbon dioxide (CO2 - 40-
60%), nitrogen (2-5%), oxygen (0.1-1%), hydrogen 
(0-0.2%), carbon monoxide (0-0.2%), ammonia (0.1-
1%), and non-methane organic compounds 
(NMOCs). The emissions of these gases into the 
atmosphere continuously can cause severe health 
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and environmental problems over the short term or 
long-term periods. Therefore, proper strategic 
methods for LFG management need to be 
implemented to reduce emissions and proffer a 
lower impact on human health and a cleaner 
environment. Therefore, this study seeks to estimate 
the amount of LFG emitted from the Polokwane 
landfill and its potential use for electricity generation. 

1.1 Literature Review  

Several studies have been conducted to estimate 
emissions from landfills using different models. 
However, this study uses the LandGEM and 
Afvalzorg models to estimate the emissions from 
landfill sites. Table 1 shows some studies that have 
been conducted around the world.  

Table 1: Studies conducted using different 
models to estimate the LFG emissions 

References Models Study Area 

Bhailall et al. 
2010 

LandGEM, 
GasSim and IPCC 

Johannesburg, 
South Africa 

Di Bella et al. 
2011 

LandGEM and 
Erhig 

Palermo, Italy 

Donovan et al. 
2009 

GasSIM 
Berkshire, 
England 

Fallahizadeh et 
al. 2019 

LandGEM 
Yasuj-Baba-
meydan road, Iran 

Farzadkia et al. 
2015 

Mexican 
LandGEM ver. 2 

Shiraz, Iran  

Larsson 2014 
LandGEM, IPCC 
and Afvalzorg 

Kikås landfill, 
Sweden 

Mou et al. 
2015 

Afvalzorg, IPCC 
and LandGEM 

Denmark 

Njoku et al. 
2020 

LandGEM and 
Afvalzorg  

Thohoyandou, 
South Africa 

The gaseous emissions from landfills, especially 
methane gas, are useful for electricity generation, 
heating and vehicles, widely used in developed 
nations. However, in developing countries like South 
Africa, LFG emissions are mostly emitted directly 
into the atmosphere, contributing to air pollution as 
greenhouse gases. A few LFG utilisation projects 
have made some successes in South Africa like the 
eThekwini Municipality LFG project (in Durban); New 
England LFG energy project; Environserv Chloorkop 
LFG recovery project (registered 27th April 2012); 
Alton LFG project (registered 24th August 2009) and 
Ekurhuleni LFG project (Njoku et al., 2018).  

Njoku et al. (2020) estimated the potential 
emissions of LFGs and their utilisation in rural areas 
of Limpopo, South Africa, and the results showed 
that the methane emissions from the landfill can be 
utilised for electricity and was economically feasible 
if managed properly. Therefore, this follow-up study 
evaluates a landfill that manages MSW generated 
from Polokwane - an urban area in South Africa. The 

proposed study site, Weltervenden landfill, has not 
implemented any LFG recovery or utilisation system. 
Therefore, this study seeks to calculate the emission 
of LFG from Weltervenden landfill and evaluate the 
cost-benefit analysis of implementing an LFG 
utilisation plant in the landfill. 

2. Methods 

2.1 Study Area 

The landfill is located in Polokwane Municipality 
(Figure 1). The site started as a quarry before it was 
licensed in 1998 by the then Department of Water 
Affairs and Forestry (DWAF). The landfill occupies 
35 ha of land with a current slope of 56% from the 
base. The landfill's height above the ground is 14 m 
(28% slopes) western side and 11 m high on the 
southern side. The landfill is fenced to avoid 
unauthorised entry into the landfill site; however, 
waste inspections are done by the security guard 
and the transporter, who confirm the type of waste it 
is carrying before they are allowed into the landfill. A 
water tanker spray system regularly sprays the 
ground to avoid fugitive dust emissions. The landfill 
currently allows reclaimers on-site, and most of the 
reclaimers wear protective clothing to avoid health 
and safety hazards in the landfill. There is a 
weighbridge at the landfill entrance that records the 
quantity of waste disposed into the landfill. 
Weltervenden landfill is the main landfill that 
manages MSW generated within the Polokwane 
Municipality. The Weltervenden landfill is located on 
longitudes 23o 57` 00.75` 'S and latitude 29o 29` 
48.21’’E, and the Municipality is under the 
jurisdiction of Capricorn District in Limpopo Province 
(Polokwane Municipality, 2011). 

The Municipality has an estimated population of 
508,967, which makes up 10% of the total population 
living in Limpopo Province (Polokwane Municipality, 
2011). There is a 3.27% annual population growth 
rate, while the internal migration to cities increases 
annually at 1.7% (Polokwane Municipality, 2011). 
About 71% of the spatial composition of Polokwane 
Municipality is considered to be rural. In comparison, 
23% is said to be urban. The remaining 6% is 
characterised to be demarcated into small buildings, 
recreational centres and industrial sites (Polokwane 
Municipality, 2011). Meanwhile, the Municipality lies 
in the summer rainfall region with a warm climate, 
with maximum temperature during December and 
January in the range of 28.1°C-36.8°C (Polokwane 
Municipality, 2011). The average rainfall is 389 
mm.y-1, with the heaviest rainfall occurring during 
summer (Saexplorer, 2017). 
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Figure 1: Study area map for Weltervenden Landfill 

2.2 Landfill emissions estimation models 

The LandGEM and Afvalzorg models were used 
to estimate the LFG generated from the 
Weltervenden landfill site. For this purpose, firstly, a 
recognisance survey was carried out to understand 
the mode of operation of the landfill and verify the 
viability of generating enough LFG for potential use. 

2.2.1 LandGEM  

LandGEM (Version 3.02) was developed by the 
US Environmental Protection Agency (US EPA) in 
1998. It is a programmed tool for calculating total 
LFG, CO2, CH4, NMOCs and other air pollutants 
emitted from a landfill. The model is based on a first-
order decomposition reaction rate for the estimation 
of LFG. The formula is shown in Equation 1. 

𝑄𝐶𝐻4
=  ∑ ∑ 𝑘𝐿0 (

𝑀1

10
)1

𝑗=0.1 𝑒−𝑘𝑡𝑖𝑗𝑛
𝑖=1 …… (1) 

where QCH4 is the annual methane generation in the 
year of the calculation (m3.y-1); i is the increment in 
one-year time; n is (year of the calculation) – (initial 
year of waste acceptance); j is the increment in 0.1-
year time; k is methane generation rate (y-1); Lo is 
the potential methane generation capacity (m3.Mg-1); 
Mi is the mass of waste accepted in the ith year (Mg); 
tij is the age of the jth section of waste mass Mi 

accepted in the ith year. 

2.2.2 Multi-phase Afvalzorg model 

The model was developed by Gronert & Scharff 
(NV Afvalzorg Holdings) with the support of the 
Dutch Environmental Agency. The model is based 
on a first-order decay. The model simulates the total 
LFG and CH4 recovery and emission from landfills, 
for which limited data of waste composition is 
available (Jacobs and Scharff, 2001). The model 
formula is represented by equation 2; 

αt = ζ∑ 1.87 𝐴𝐶0′𝑖
3
𝑖=1 𝐾1,𝑖e

-k1,it  …………(2) 

where, αt is the landfill gas formation at a certain time 
(m3.y-1); ζ is the dissemination factor; i is the waste 
fraction with degradation waste k1,i (kgi.kgwaste

-1); A is 
the amount of waste in place (tons); C0 is the amount 
of organic carbon in waste (kg.tonne waste-1); k1,i is 
the degradation rate constant of fraction i (y-1); t is 
the time elapsed during deposition (y) (Kamalan, 
2011).  

General information on the landfill was collected 
from the Local Municipality and South African Waste 
Information Centre (SAWIC). The information 
included the total MSW deposited annually, the year 
the landfill commenced operations, the design 
potential full capacity of the landfill, and the waste 
composition of the landfill (Figure 2). Other relevant 
parameters were estimated using country-specific 
values and IPCC default values like Degradable 
Organic Carbon (DOC) (Table 2), potential methane 
generation capacity (L0), Methane Correction Factor 
(MCF) (managed anaerobic landfill), and 
degradation constant. These data were used in the 
LandGEM and Afvalzorg models to calculate the 
emissions from the landfill. The LFGcost model was 
used to calculate the cost-benefit analysis of 
implementing a landfill gas utilisation technology in 
the landfill. 

 
Figure 2: Pie chart showing the average annual 

composition of waste present in the Weltervenden 
landfill 

Table 2: Values of DOC in Southern African 

region (Riitta et al., 2006) 

DOC 
(by wet weight basis) 

Default Range 

Food waste 0.15 0.08 - 0.20 

Garden  0.20 0.18 - 0.22 

Bulk MSW  0.20 0.12 - 0.28 

Sewage sludge  0.05 0.04 - 0.05 

Industrial waste 0.15 0.00 - 0.54 
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The input data for both models are shown in 
Table 3. The total amount of waste deposited in the 
landfill was derived from the SAWIC website. The 
methodology used in Njoku et al. (2020) to calculate 
the missing data was adopted in this study. 

Table 3. Input data for the simulation of LFG to run 
the LandGEM and Afvalzorg models 

Input Data Weltervenden 
landfill site 

Year landfill commenced operation 1999 

Potential year of closure of the landfill 2022 

Degradation constant k (y-1) 0.05 

Potential Methane Generation Capacity 
L0 (m3 Mg-1) 

100 

Methane correction factor - MCF 
(managed anaerobic landfill) 

1 

Oxidation factor OX (managed and 
covered landfill with oxidising material) 

0.1 

Recovery efficiency 0.6 

The total amount of waste deposited in 
the landfill annually from the inception 
of the landfill 

Derived from 
SAWIC website 
and Municipality 

The general waste composition As shown in Fig. 2 

Degradable Organic Compound (DOC) As shown in Table 2 

2.2.3 LFGcost web model (version 3.02) 

The model was used to determine economic 
analysis and the feasibility of implementing the LFG 
utilisation technology for the landfill. The model used 
four types of electricity-generating technologies for 
comparison, which include; internal combustion 
engines (15-year lifetime), gas turbines (15-year 
lifetime), microturbines (10-year lifetime) and small 
engines. The main tools for determining the 
feasibility of the LFG to energy project are the net 
present value (NPV) and the internal rate of return 
(IRR), which are the main criterion used for 
accepting or rejecting projects in cost-benefit 
analysis. The NPV is the present value of net cash 
flow. The project (capture and combustion of LFG) is 
considered viable if the NPV is equal to zero or 
greater than zero and considered non-viable if the 
NPV is less than zero. Also, IRR value can be used 
to determine the viability of an LFG utilisation project. 
If the IRR is greater than the discount rate, the 
project is viable. The input data to run the model is 
highlighted below. 

• Landfills open and closure years – see Table 3 

• Area of landfill wellfield to supply project – 20 or 
40 acres 

• The total amount of the municipal solid waste 
deposited in the landfill annually – Table 3 

• Landfill energy project type – this study looks at 
five LFG project types: standard turbine, standard 

engine, microturbine, combined heat and power 
system (CHP) turbine, and CHP microturbine. To 
evaluate the most appropriate engine type for the 
project. 

• Year LFG project begins operation – 2021 

• Methane generation rate constant k (y-1) – 0.05 

• Potential methane generation capacity L0 – 
100 m3 Mg-1 

• Methane content of LFG – 50% 

• Average depth of landfill – 65 ft 

• LFG collection efficiency – 85% 

• Expected LFG energy project time – 15 years 
but 10 years for microturbine engines 

• Loan lifetime – 10 years 

• Interest rate – 6.75% 

• Inflation rate – 4.5% 

• Marginal tax rate – assuming a 35% 

• Discount rate – 1% 

• Down payment for the project – 50% and 100% 
for decreasing the number of years to pay back 
the project. 

• Electricity purchase price for projects not 
generating electricity (R/kWh) – US$0.08 kWh-1 
at a rate of R16 to US$1. 

• Annual electricity price escalation rate – 2.2% 

3. Results and Discussion 
3.1 LandGEM simulations 

The results obtained from the LandGEM 
simulations are shown in Figure 3. The total LFG, 
CH4, CO2 and NMOC from the landfill site was 
emitted until 2139. The emissions of CH4 and CO2 
will peak in 2023, with values of 4.613 × 103 Mg.y-1 

and 1.266 × 104 Mg.y-1, respectively. 2022 is the 
proposed year when the landfill will stop receiving 
MSW, hence the subsequent reduction in LFG 
emissions. These results generally agree with Aydi 
(2012), Bhaillal et al. (2010) and Njoku et al. (2020), 
who reported a peak in CH4 and CO2 emissions after 
the first year after the proposed closure year of the 
landfill. 

From the results, the CO2 emissions were 
simulated to be greater than the CH4 emissions. This 
was also observed in previous studies that the total 
rate of emission of CO2 is usually higher than CH4 
from a landfill (Gardner et al., 1993; Liphoto 2001; 
Njoku et al., 2020). This could result from several 
factors; however, other studies suggest that the 
large amount of microbial oxidation of CH4 to CO2 
within the landfill cover before reaching the 
atmosphere is responsible for the lower CH4 
emission. Also, the difference in masses between 
CH4 and CO2 could lead to a higher concentration of 
CO2 than CH4 (Njoku et al., 2020). 
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Although strategic plans have been put in place 
to expand the landfill to accommodate more MSW, 
the LFG simulated is recorded to decline over 115 
years, with the LFG emissions becoming very 
insignificant from 2081 to 2139. The decline in LFG 
emission is due to the insufficient MSW deposition in 
the landfill.  

 
Figure 3: Graphical representation showing the 
CH4 and CO2 emissions using the LandGEM 

3.2 Afvalzorg model simulations 

Figure 4 shows that as the total waste deposition 
increased in the landfill, the CH4 emissions 
increased annually until the peak emissions in 2023. 
The peak year simulated by the Afvalzorg model is 
similar to the results derived from the LandGEM 
simulation. The maximum emitted value of CH4 from 
the Weltervenden landfill is 3 128 Mg.y-1. The results 
show a rapid reduction after the estimated closure of 
the landfill site until the CH4 emission becomes 
insignificant. The reduction of the LFG emission 
results from a reduction in the deposition of MSW in 
the landfill after modelled closure year, with no 
further waste to generate the LFG. The Afvalzorg 
model only accounts for LFG emissions up to 2060 
and does not account for longer life spans, unlike the 
LandGEM. Therefore, the amount of waste 
deposition is a fundamental characteristic for LFG 
emission from a landfill site and the development of 
both models. 

 
Figure 4: Simulation of CH4 emission from the 

Weltervenden landfill site using the Afvalzorg model  

3.3 Comparison of results from both 
models 

The comparison of model results was based on 
the CH4 emissions from the opening year to 2040. 
Simulations from both models show that the CH4 
emissions will peak in 2023, with the CH4 peak 
emission of the LandGEM reaching a value of 4 061 
Mg.y-1 and the Afvalzorg model reaching a value of 
3 128 Mg.y-1 (Figure 5). The total potential emission 
of CH4 from 1999 - 2040 recorded by the LandGEM 
and the Afvalzorg models are 85 121 Mg and 65 557 
Mg, respectively. 

 
Figure 5: Comparison of the simulation of CH4 

using the Afvalzorg and LandGEM models for the 
Weltervenden landfill site 

Njoku et al. (2020) conducted a similar study on 
LFG estimation using similar models for a rural 
landfill in Thohoyandou, Limpopo, South Africa. The 
Thohoyandou landfill is smaller and receives lesser 
MSW daily compared to the Weltervenden landfill. 
Results show that the LandGEM simulations of the 
peak CH4 emissions were 3 517 Mg.y-1. However, 
results derived from this study for LandGEM 
estimations for peak CH4 emissions was 4 613 
Mg.y-1. This comparison shows that CH4 peak 
emissions for this study were higher than the results 
derived from the Thohoyandou landfill site. This 
could be that the Weltervenden landfill is bigger and 
has been accepting waste longer than the 
Thohoyandou landfill site. 

3.4 Cost and benefits analysis 

The LFGcost model is grounded on the default 
characteristics and additional user input data that 
produces outputs in various proportions for the LFG 
utilisation project. The LandGEM modelled LFG 
emissions were used to derive the results for the 
LFGcost model. Two scenarios were adopted during 
the modelling. Scenario 1 (Sc 1) includes 
considering an area of 20 ha  LFG wellfield to supply 
the project and down-payments of 50% and 100%. 
Scenario 2 (Sc 2) considers a 40 ha area of LFG 
wellfield and down-payments of 50% and 100% 
(Table 4). 
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Scenario 1, with a 50% down payment for the 
project, shows that the IRR is negative for most LFG 
utilisation engines (Table 4). However, the 
microturbine shows a positive value of 11 million 
Rand for the NPV and 5% for the IRR. In 
comparison, the CHP microturbine engine shows a 
positive NPV of R5 million (USD3.3 million), an IRR 
value of 16% and a payback period of 8 years. This 
shows a 16% return on investment and an 8-year 
payback period for the CHP microturbine engine for 
the LFG utilisation project.  

However, Scenario 1 with 100% down payment 
shows that the standard turbine generator set, 
standard reciprocating engine generator set and 
CHP turbine showed a negative value for IRR. This 
signifies that using these engines in the LFG 
utilisation project is not economically feasible 
reasonable, based on these scenarios. Meanwhile, 
the microturbine shows an NPV of R12 million and 
an IRR of 6%. Also, the CHP microturbine shows 
that there will be a 12% return on investment and a 
9-year payback period for the LFG utilisation project. 
These CHP microturbine and microturbine engines 
are economically feasible since the IRR are positive.  

Also, Scenario 2, with a 50% down payment, 
showed that the standard turbine engine, standard 
reciprocating engine, microturbine, and CHP turbine 
engines have negative IRR values. However, the 
CHP microturbine engine shows a 10% return on 

investment for the LFG utilisation technology. This 
means that only the CHP microturbine engine is 
economically feasible for this set of assumptions for 
the LFG utilisation project.   

Scenario 2, with a 100% down payment, showed 
that the standard turbine generator set, standard 
reciprocating engine, and CHP turbine engines were 
not economically feasible engines for the project. 
The IRR for the above engines is negative except for 
the microturbine and CHP microturbine engines that 
had IRR of 1% and 8%, respectively. However, the 
CHP microturbine engine is more economically 
feasible for implementing the project, i.e., the IRR 
value is 8%. 

3.5 Environmental and economic benefits  

This study calculated the tonnes of carbon 
dioxide equivalent (CO2e) destroyed by 
implementing an LFG utilisation technology to 
determine the environmental benefits and calculated 
the potential price of the CER sale of the CO2 emitted 
from the landfill. The LandGEM model's simulation is 
used to estimate the total CH4 emitted from the 
landfill. Table 5 shows the CH4 emitted in tonnes of 
CO2e and the possible CER price for the Polokwane 
LFG utilisation technology.  

The economic benefits of implementing an LFG 
utilisation technology in the Weltervenden landfill 
could be considered feasible for all conventional 
engines if sold on the carbon credit market. A 

Table 4: Economic and financial results for the implementation of an LFG Technology for Weltervenden landfill site 

Generating 
technology and 
scenario 

LFG 
wellfield 
area to 
supply 
project 

(ha) 

Down 
payment 
for the 
project 

Net Present 
Value (NPV) 

(106 R) in 

construction 
year 

Internal 
Rate of 
Return 
(IRR) 

Years to 
Breakeven 

LFG 
Energy 
Project 

(106 R) 

Total 
capital 
cost 

(106 R) 

Annual 
operations and 
management 

cost (106 R) 

Standard 
turbine 
generator set  

Sc 1 20 
50% 66 Negative None 

83 96 7 
100% 65 -32 None 

Sc 2 40 
50% 87 Negative None 

83 104 8 
100% 86 Negative None 

Standard 
reciprocating 
engine-
generator set 

Sc 1 20 
50% 68 Negative None 

74 87 10 
100% 67 Negative None 

Sc 2 40 
50% 88 Negative None 

74 96 11 
100% 87 Negative None 

Microturbine 

Sc 1 20 
50% 11 5% None 

41 54 3 
100% 12 6% None 

Sc 2 40 
50% 27 -3% None 

41 62 5 
100% 26 1% None 

Combined 
Heat and 
Power (CHP) 
turbine 

Sc 1 20 
50% 50 -7% None 

96 109 7 
100% 49 -1% None 

Sc 2 40 
50% 67 -11% None 

96 117 8 
100% 66 -5% None 

CHP 
microturbine 

Sc 1 20 
50% 5 16% 8 

43 56 3 
100% 3 12% 9 

Sc 2 40 
50% 7 10% None 

43 65 5 
100% 9 8% None 
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household in South Africa is assumed to use 
2 270 kWh per year (Eskom) based on household 
electrical appliances, including a fridge, freezer, 
dishwasher, tumble dryer, television, washing 
machine and household lighting. It is important to 
explore the potential to provide household electricity 
needs from LFG.  

3.6 Electricity Generated  

Table 6 shows the annual electricity in kWh 
generated from the Weltervenden landfill during the 
lifetime of the LFG utilisation project. The standard 
reciprocating engines produced the highest amount 
of electricity from the project. The CHP microturbine 
and microturbine engines generate similar amounts 
of electricity over the 10-year lifespan of the LFG 
project. Without carbon credit sales, the CHP 
microturbine engine is the optimum technology for 
the LFG utilisation project.  

Considering that a South African household uses 
2 268 kWh of electricity per year, the number of 
households that could benefit from the LFG 
technologies was calculated. Table 7 shows the 
annual electricity generated from each engine type 
and the number of households in Polokwane that 
could benefit from the electricity generated. As 
stated earlier, the standard reciprocating engine 
generated the most electricity and had the highest 
household usage.  

The standard reciprocating engine-generator set 
generates an average of 9 370 000 kWh.y-1 
electricity and will supply ~4 130 households. CHP 
microturbine engines generate electricity to ~2 962 
households, and the CHP turbine engine will supply 
electricity to ~3 382 households. 

Table 5: The conversion of methane to t CO2e 

Methane 
emitted 
using 

LandGEM 
(*106 m3) 

85% of 
methane  

captured and 
combusted 

(*106 m3) 

Convert 
methane to 

*103 tonnes at 

0.000717 tCH4/m
3 

(*103 tonnes) 

Convert 
methane 

(tonnes) to CO2e  
by multiplying 

by 25 
(*103  tonnes) 

6.122 5.20 3.73 93.3 

6.521 5.54 3.97 99.4 

6.914 5.88 4.21 105.0   

6.577 5.59 4.01 100.0   

6.256 5.32 3.81 95.3 

5.951 5.06 3.63 90.7 

5.661 4.81 3.45 86.3 

5.385 4.58 3.28 82.0 

5.122 4.35 3.12 78.0 

4.872 4.14 2.97 74.2 

4.635 3.94 2.82 70.6 

4.409 3.75 2.69 67.2 

4.194 3.56 2.56 63.9 

Methane 
emitted 
using 

LandGEM 
(*106 m3) 

85% of 
methane  

captured and 
combusted 

(*106 m3) 

Convert 
methane to 

*103 tonnes at 

0.000717 tCH4/m
3 

(*103 tonnes) 

Convert 
methane 

(tonnes) to CO2e  
by multiplying 

by 25 
(*103  tonnes) 

3.989 3.39 2.43 60.8 

3.795 3.23 2.31 57.8 

3.610 3.07 2.20 55.0 
 

Table 6: Annual electricity generated in GWh for 

the different LFG engines 

Year 

Standard 
turbine 

generator 
set 

Standard 
reciprocating 

engine 
generator set 

Micro 
turbine 

CHP 
turbine 

CHP 
micro 

turbine 

2023 10.86 13.26 9.51 10.86 9.51 

2024 11.57 14.13 10.13 11.57 10.13 

2025 12.27 14.98 10.74 12.27 10.74 

2026 11.67 14.25 10.22 11.67 10.22 

2027 11.10 13.56 9.72 11.10 9.72 

2028 10.56 12.90 9.25 10.56 9.25 

2029 10.04 12.27 8.80 10.04 8.80 

2030 9.55 11.67 8.37 9.55 8.37 

2031 9.09 11.10 7.96 9.09 7.96 

2032 8.65 10.56 7.57 8.65 7.57 

2033 8.22 10.04 7.20 8.22 7.20 

2034 7.82 95.53 6.85 7.82 6.85 

2035 7.44 90.87 6.52 7.44 6.52 

2036 7.08 86.44 6.20 7.08 6.20 

2037 6.73 82.22 5.90 6.73 5.90 

Table 7 shows the average annual electricity 
generated from each conventional engine in 
thousands of kWh/year and the average number of 
households to benefit from the electricity generation. 
The standard reciprocating engine produced the 
most electricity and had the highest number of 
household beneficiaries. The standard reciprocating 
engine generates 11 615 MWh.y-1, which can supply 
5 121 typical mid-income households; the standard 
turbine engine generates 9 511 MWh.y-1, which can 
supply ~4 194 households. The microturbine engine 
generates electricity that can supply ~3 673 
households. The CHP turbine engine will supply 
electricity to the same number of households as the 
standard turbine engine. 
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Table 7: The average electricity per year 
generated and the number of household 

beneficiaries 

 Average 
electricity 
generated 
(GWh .y-1) 

Average 
households 
to benefit 

Standard turbine 
generator set 

9.51 4 194 

Standard reciprocating 
engine generator set 

11.61 5 121 

Microturbines 8.33 3 673 

CHP turbine 9.51 4 194 

CHP microturbine 8.33 3 673 

4. Conclusion and recommendations. 

The LFG models were able to simulate the LFG 
emissions from the Weltervenden landfill, and the 
results were comparable to the results derived from 
other studies. The study shows that LFG emission 
peaks a year after the closure of the landfill. Also, the 
emissions continue to decrease after the closure of 
the landfill. 

The LFGcost model simulated the cost benefits 
of implementing a landfill gas utilisation plant in the 
Weltervenden landfill. The study concludes that the 
possibility of implementing an LFG utilisation plant in 
Weltervenden landfill is economically feasible when 
using a microturbine engine with the sales derived 
from electricity generated. Also, using a CHP 
microturbine engine to generate electricity was 
economically feasible for all scenarios using the 
LFGcost model. This study will help enhance 
government policies concerning emissions from 
landfills, reduce the continuous emissions from 
landfills and improve the overall power generation 
sector in South Africa. According to the objective of 
this study, the results obtained using the LandGEM 
and Afvalzorg models to estimate the total LFG in 
Weltervenden landfills were considered to have 
provided good estimations, providing similar 
estimates. Our results are compatible with previous 
similar studies.  However, real-time sub-surface field 
measurements with gas analysers are needed to 
verify the LFG estimates. Also, a comprehensive 
assessment of the cost and benefits of implementing 
an LFG utilisation plant should be conducted, as the 
results from this study provide only an estimate.  
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A sound air quality management strategy must address all emission sources and their 
relative impact on the receiving environment. The cornerstone of a sound air quality 
management strategy is accurate, high resolution and real-time information, which is 
often scarce, cost-prohibitive or unavailable. The application of UAV (drone) technology 
has innovated how data can be collected and viewed compared to traditional platforms 
such as aircraft, satellites, or ground vehicles. For Eskom’s Air Quality Offset 
Programme, air quality offset interventions to reduce residential fuel burning will be rolled 
out in Ezamokuhle, Mpumalanga. Ezamokuhle is characterised by many emission 
sources located close to one another, including industrial emissions, domestic fuel 
burning, vehicle tailpipe emissions, biomass burning, agricultural activities and fugitive 
sources. After obtaining permission and approval from the Ezamokuhle Community 
Leadership, Pixley Ka Seme Municipality and the Civil Aviation Authority of South Africa, 
a rapid in-situ assessment was conducted in Ezamokuhle utilising two UAVs. The UAVs 
were flown at an altitude of 150 m above Ezamokuhle for a pre-determined flight path. 
The UAVs were able to capture the significance of spatiotemporal variability of micro-
level pollution sources, identify air pollution hotspots, compare aerial with land-based 
information and trace plumes released by combustion sources. Therefore, the study 
demonstrates that the application of UAV technology is an insightful air quality 
management tool for rapidly assessing air quality as it represents an accurate, cost-
effective, most suited and environmentally equitable basis for informed decision-making. 

Keywords: air quality management, unmanned aerial vehicles, UAV, drones, air quality 
offsetting, Eskom

1. Introduction  

The impact of air pollution on the environment, 
economy and health of the people in an affected 
community cannot be overemphasised (Rohi, 2020). 
An increase in human population growth and rapid 
industrialisation has led to an elevation of pollutant 
emissions which has exacerbated both a global and 
a localised deterioration in air quality (Fourie, 2006; 
Nunnari et al., 2004). In turn, air pollution has often 
become a barrier to sustainable development in 
urban areas (Wang et al., 2009). Consequently, 
ambient air quality needs to be managed by 
minimising and preventing air pollution. Air quality 
management is how air quality is assessed and 
response strategies are developed and introduced. 

A sound air quality management strategy is 
necessary to address all emission sources and their 
relative impact on the receiving environment. The 
cornerstone of a sound air quality management 
strategy is accurate, high resolution and real-time 

information, which is often scarce, cost-prohibitive, 
or unavailable. 

The application of UAV (drone) technology has 
enhanced how data can be collected and viewed 
compared to traditional platforms such as aircraft, 
satellites, or ground vehicles. UAVs have been 
utilised to detect environmental air pollution (Chang 
et al., 2018, Ramanathan 2006; Ramana et al., 
2007). Yang et al. (2019) deployed UAVs to monitor 
and forecast pollutant distributions in the spatial-
temporal perspectives. The results of Yang et al. 
(2019) study demonstrated that air quality 
monitoring and forecasting by UAVs could achieve 
high estimation accuracy compared to other state-of-
the-art air quality index monitoring approaches. This 
study utilised two unmanned UAVs to conduct a 
rapid in-situ air quality assessment for the 
Ezamokuhle township in Mpumalanga. 
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1.1 Study area 

Ezamokuhle, which means “to make it beautiful”, 
is situated 1 km to the northwest of Amersfoort in the 
Mpumalanga Province. In terms of geopolitical 
boundaries, the township is located within Dr Pixley 
Ka Isaka Seme Local Municipality of the Gert 
Sibande District Municipality as part of Ward 7 and 
Ward 8. As illustrated in Figure 1, the township is 
divided into six sections: China 1, China 2, Jabavu, 
Roestein, Smallville and Phumlani (Mchunu & 
Nkambule, 2019). China 1 is part of Amersfoort 
town.  

 

Figure 1. Locality Map for the Ezamokuhle 
township 

Ezamokuhle is characterised by a myriad of 
agricultural, commercial, industrial, and residential 
land-use activities located close to one another. 
Thus, there is a broad spectrum of emission sources 
impacting this area. This includes industrial 
emissions, domestic fuel burning, vehicle tailpipe 
emissions, biomass burning, agricultural activities 
and numerous other fugitive sources.  

Eskom has earmarked Ezamokuhle for air quality 
offset interventions (Matimolane et al., 2020). This 
initiative is part of Eskom’s Air Quality Offset 
Programme, which aims to reduce emissions from 
local sources, like residential fuel and waste burning. 
Hence a rapid in-situ UAV assessment was 
conducted at Ezamokuhle in order to: 

i. identify possible pollution hotspots; 

ii. document historical, current and forthcoming 
(future) air quality problems; 

iii. provide a qualitative assessment of the 
ambient pollutant concentrations in the vicinity 
of the area; 

iv. provide a qualitative assessment of the spatial 
variability of ambient pollutant concentrations; 

v. support the project team in getting an early 
indication of the target area to evaluate and 
correct oversights in the project plan.  

2. Methodology 

2.1 The ethical approach to the study 

Eskom obtained permission from the 
Ezamokuhle Leadership for Air Resource 
Management (Pty) Ltd (ARM) to conduct the aerial 
UAV assessment in Ezamokuhle. All relevant parties 
were duly informed, including SAPS, the Civil 
Aviation Authority of South Africa and the 
Community Leadership. 

2.2 UAVs 

Two UAV aircraft, a Mavic Pro 2 (Figure 2) and a 
SenseFly eBeeX (Figure 3), were flown to conduct 
an aerial assessment for Ezamokuhle. The UAVs 
flew at an altitude of 150 m above Ezamokuhle for 
the pre-determined flight path (Figure 4). The Mavic 
Pro 2 drone took off at 07:30 for a rapid fly-over using 
a video camera. A second fixed-wing SenseFly 
eBeeX drone was launched at 09:00 to record high-
resolution imagery for Ezamokuhle. The flights were 
restricted to the morning due to the meteorological 
conditions (heavy fog and intermittent rain) that 
limited the flight window. The Mavic Pro 2 conducted 
a 35-minute flight to capture video footage of the 
area, whilst the SenseFly eBeex conducted a 45-
minute flight to record high-resolution images.  

 

Figure 2. Mavic Pro 2 UAV 

2.3 UAV Image processing and analysis 

Using photogrammetry software COLMAP, the 
high-resolution UAV images were stitched together 
to provide a high-resolution aerial map at 2.5 
cm/pixel. COLMAP is a general-purpose Structure-
from-Motion (SfM) and Multi-View Stereo (MVS) 
pipeline with a graphical and command-line 
interface. It offers a wide range of features for the 

Page | 125



reconstruction of ordered and unordered image 
collections (COLMAP, 2021). The processed 
imagery tracked and assessed dust sources, tall 
stack atmospheric plumes, and visible air pollution 
sources. Additionally, for the image analysis, a 
questionnaire was utilised to document and identify 
air quality issues. 

 

Figure 3. SenseFly eBeeX UAV 

 

Figure 4. UAV Flight Path 

3. Results and Discussion 

3.1 Categories of air pollution sources 

For the UAV in-situ assessment, the study has 
identified three categories of air pollution sources: 
historical, current and potential future sources of air 
pollution. Historical emission sources have been 
identified based on evidence indicating a historical 
air pollution episode, for example, a veld burn-scar, 
indicating a past veld fire burning emissions incident. 
Current air pollution sources were identified based 
on active and visible atmospheric emissions 
captured by the in-situ assessments. Potential future 
sources of air pollution were identified because 
whilst the source was dormant and in-active on the 
day of the in-situ assessment, the source could be 
an active emission source in the future. For example, 
several waste dumps were identified in the 
assessment. While they were not burning on the 
assessment day, they can be a significant 
atmospheric pollutant emission source during 
combustion unless the waste herein is removed.  

Figure 5 presents an overview of the evidence of 
historical, current and forthcoming (future) air quality 
problems documented in the assessment. 

 

Figure 5. Overview of air pollution sources 
documented in study 

3.2 Historical air pollution sources 

The only historical air pollution source category 
identified in the assessment was historic waste 
burning. 

3.2.1 Waste burning 

Three historic waste burning sites were identified 
in Ezamokuhle (Figure 6). The assessment showed 
the presence of mainly “new” waste, which could be 
attributed to a recent litter and waste cleaning 
campaign. There were no clear indications of ash 
residues from waste burning in the streets. Thus, it 
did not appear that waste burning was prolific in 
Ezamokuhle. 

 

Figure 6. Map showing the location of historic 
waste burning sites 

3.3 Current air pollution sources 

An overview of the current air pollution source 
categories identified in the assessment is shown in 
Figure 7. 
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Figure 7. Map showing the location of current air 
pollution sources documented in the study 

3.3.1 Residential fuel burning 

In total, approximately 20 household chimneys 
were emitting smoke at any one time during the day 
in Ezamokuhle. At around 09:00, the drone images 
show on average four stack plumes in each zone 
(Figure 8), adding up to 36 plumes in total in 
Ezamokuhle. The smoking stack numbers did not 
increase visibly during the day and at the end of the 
day. Due to excessive rain, one reason could be the 
lack of available, dry fuels. 

The residential fuel burning emissions from the 
household chimneys have a low plume momentum 
and buoyancy, thus result in high ground-level 
concentrations. This localised impact is seen in 
Figure 9, where the non-buoyant, poorly diluted 
looping plume directly impacts the neighbouring 
households. It was interesting that besides the 
households that conduct residential fuel burning, 
visible smokestack emissions were also recorded for 
the local primary school (Figure 10). Additionally, the 
UAV identified sporadic incidents of residential fuel 
burning occurring in burn barrels (mbaulas) (Figure 
11).  

 

Figure 8. Residential fuel-burning household 
emissions emitted through chimneys 

 

Figure 9. Residential fuel-burning looping plume 
impacting on neighbouring households 

 

Figure 10. Residential fuel-burning household 
emissions from the local primary school 

 

Figure 11. Residential fuel burning in mbaulas 

It was interesting to note that every house in 
Ezamokuhle had a visible chimney. Further, it 
appears that all these houses have electricity based 
on the presence of overhead electricity cables and 
satellite dishes (Figure 12).  

In total, 1138 RDP houses were counted from the 
UAV survey. There was no well-defined suburb that 
contained informal dwellings (shacks) only. Instead, 
almost every RDP house in Ezamohkuhle has one 
or two informal households on the property either 
attached to the main house or a few meters away. 
Each informal dwelling contained a chimney 
indicating a potential pollution source when fuel is 

Page | 127



burned. From the UAV images, the exact ratio of 
RDP houses to informal dwellings can be 
determined, which is 1:2.3. There are in total 2663 
informal dwellings in Ezamokuhle. These informal 
households are mainly built from corrugated iron 
with a corrugated iron roof. There are visible 
electricity cables attached to every RDP house and 
extended to these adjacent informal dwellings 
(Figure 13). 

 

Figure 12. Satellite dish connections to households 

 

Figure 13. Electricity connection between RDP 
housing and informal household 

3.3.2 Industrial emissions 

Very few industrial activities were detected in 
Ezamokuhle, apart from the clay brick and paving 
manufacturer located in Roestein. Kanabkaew and 
Buasing (2015) have demonstrated that air 
pollutants, i.e. particulate matter (PM), carbon 
monoxide (CO) and sulphur dioxide (SO2), are 
mainly emitted during the brick firing process. With 
the low release height of these substantial 
emissions, the nearby communities and primary 
school (Figure 14) would be exposed to this facility's 
adverse environmental and health impacts. 

3.3.3 Vehicular emissions 

The traffic density, even during peak hours, is low 
(Figure 15). The majority of vehicles are taxis and 
then followed by private vehicles and a few small 
trucks. It is noteworthy that the taxis are generally in 
very good condition, either Mercedes Benz Sprinter 
Inkanyezi (23-seater) taxi or Toyota Ses’fikile 16-
seater taxis (Figure 16). Notably, nine motor vehicles 

were parked within a 30-m radius of the Eskom 
Ezamokuhle ambient air quality station (Figure 17). 
The tailpipe emissions from these vehicles result in 
elevated short-term peak concentrations of NO2 and 
PM been logged at the Ezamokuhle air quality 
station. Additionally, the station is located within 
proximity to the road. Hence the NO2 signals are 
directly impacted by vehicular emissions. 

 

Figure 14. The proximity of the Brickworks to the 
local Primary School 

 

Figure 15: Low traffic density in Ezamokuhle 

 

Figure 16. Taxis operating in Ezamokuhle 

Brickworks 

Primary school 
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Figure 17. Vehicular emission sources parked close to 
the Eskom Ezamokuhle Ambient Air Quality Station 

3.4 Potential future sources of air pollution 

An overview of the potential waste burning sites 
identified is shown in the overview image in Figure 
5. The residential combustion, unpaved roads and 
fugitive dust sources are presumed to continue as 
active sources.  

3.4.1 Residential fuel burning 

During the survey, the ambient temperatures 
ranged between 19°C and 29°C. However, during 
winter, power interruptions, and lower ambient 
temperatures, it is anticipated that more wood, coal 
and dung burning will occur for space heating, 
bathing and cooking.  

3.4.2 Waste burning 

Waste and litter appear along all the streets in 
Ezamokuhle. ARM identified several communal 
areas where waste dumping was prevalent (Figures 
18 and 19). The accumulation of waste during 
summer is prone to burning during the subsequent 
dry winter period. A veld fire can easily reach the 
waste area and result not only in air emissions from 
grass burning but also from the burning of plastic 
bags and bottles, polystyrene packaging, cardboard 
boxes and disposable nappies resulting in an 
increased emissions profile, more opaque smoke, 
longer smouldering and odours, than the average 
veld fire. Additionally, Laban (2018) demonstrated 
that the open burning of anthropogenic waste 
resulted in elevated ozone concentrations. 

 

Figure 18. Waste dumping in China 2 

 
Figure 19. Potential future waste burning sites 

3.4.3 Fugitive dust emissions 

Significant atmospheric dust arises from the 
mechanical disturbance of granular material 
exposed to the air. Dust generated from these open 
sources is termed "fugitive" because it is not 
discharged to the atmosphere in a confined flow 
stream. The sources of fugitive dust for Ezamokuhle 
include paved roads, unpaved roads (Figure 20) and 
open sports fields. 

As sidewalks are absent along the roads (Figure 
21), it will result in the re-entrainment of dust 
emissions due to pedestrian traffic. Additionally, the 
inner roads of the township are all dust roads that 
compound the impact of particulate emissions. It is 
anticipated that at the intersection of paved/tarred 
and unpaved roads, there will be abrasion and re-
entrainment of dust emissions which will be 
exacerbated by the dry season. The UAV 
assessment has identified the sports fields in 
Ezamokuhle as having inadequate vegetative cover 
(Figure 22) and thus susceptible to abrasion and 
entrainment of fugitive dust particles. 

 

Figure 20. Ezamokuhle unpaved inner roads 
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Figure 21. Roads in Ezamokuhle lacking sidewalks 

 

Figure 22. Potential fugitive dust emission source 

3.4.4 Veld Fires 

The prevalence of tall grass along the roads 
suggest that veld fires will be common in the dry 
season. Biomass burning is seasonal and occurs 
almost exclusively during the winter and spring, from 
July to September. These will result in elevated PM, 
CO, NOx and VOC emissions. 

4. Conclusion  

In summary, the study has identified historical, 
current and potential future air pollution sources for 
Ezamokuhle. The only historical air pollution source 
category identified in the assessment were three 
historic waste burning sites. Current air pollution 
source categories identified in the assessment 
included: residential fuel burning, brick 
manufacturing facility; traffic emissions; odours and 
formal traders. The potential future sources of air 
pollution identified include residential fuel burning, 
waste burning, fugitive dust emissions from paved 
and unpaved roads, and open sports fields. 

Air quality offset intervention targeted for waste 
burning and fugitive dust from open sports fields are 
potentially readily implementable opportunities. For 
example, a clean-up exercise to remove the waste 

in the identified communal areas offers a simple, 
cost-effective air pollution reduction intervention to 
prevent the future burning of these waste dumps. 
Similarly, improving the drainage system for the 
gravel soccer pitch may increase grass cover, 
thereby reducing fugitive dust emissions.  

The UAV assessment identified that most houses 
in Ezamokuhle had a visible chimney, indicating a 
prevalence of residential fuel burning in Ezamokuhle 
households. Household residential fuel burning is 
further exacerbated during lower ambient 
temperatures, power interruptions and low winter 
temperatures. Thus, there is an opportunity herein to 
reduce human exposure to harmful levels of air 
pollution by reducing emissions from residential 
burning. Thus, supporting the roll-out of Eskom’s air 
quality offset intervention project in Ezamokuhle. 

The UAVs captured the spatiotemporal variability 
of micro-level pollution sources by autonomously 
identifying multiple closely spaced air pollution 
sources. The short-term aerial views substantiated 
and extended land-based information collection in 
tracing emission from combustion sources. The 
study demonstrates that the application of UAV 
technology is both an insightful and leading air 
quality management tool for rapidly assessing air 
quality as it represents an accurate, cost-effective, 
logical and environmentally equitable basis for 
informed decision-making. 
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The Contribution of Informal Waste Burning in Wedela  

to Ambient Particulate Matter 
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Insufficient waste collection services by local government is one of the biggest waste 
management problems in Africa. In many instances, this leads to informal dumping 
and uncontrolled burning of waste. The uncontrolled burning of waste emits toxic air 
pollutants, such as dioxins, furans, unintended polychlorinated biphenyls (PCBs) 
and particulate matter (PM). This study focuses explicitly on PM because of its 
potential to contribute to respiratory diseases, such as lung cancer and asthma. This 
study aims to assess the potential contribution of uncontrolled waste burning to 
ambient PM in a South African township, Wedela. Informal waste dumping sites 
were identified and characterised in terms of their size, waste burning activity and 
waste composition profile to determine the potential contribution of uncontrolled 
waste burning to PM. The waste composition profile, which characterises the 
combustible and non-combustible portions of waste, was ultimately used to estimate 
the potential contribution of uncontrolled waste burning to ambient PM emissions. 
Plastic and polystyrene had the highest combustible percentage of 32.7%, while 
metal and glass waste had the lowest combustible percentage of 5%. Should the 
dumped waste be burned, it is estimated that plastic and polystyrene waste would 
emit the highest amount of PM (43.3 g/kg) due to the combined presence  of plastic 
foil and dense plastic. The burning of metal and glass waste was estimated to have 
the lowest contribution to PM emissions at 2.9 g/kg.  

Keywords: informal waste dumping, uncontrolled waste burning, particulate matter 
emissions 

1. Introduction 

Many factors may cause an increase in waste 
generation, such as urbanisation, rapid population 
growth and lifestyle changes (Khair, 2019; Guerrero 
2013; Abu Qdais 2007; Ay Ininuola & Muibi 2008; 
Ekere et al. 2009). An increase in waste generation, 
together with factors such as insufficient budget, 
poor infrastructure, inadequate route planning, and 
lack of information about waste collection, have 
caused pressures on waste collection systems, 
especially in the developing world. In South Africa, 
local municipalities are responsible for waste 
collection in their constitutional mandate (Nahman & 
Godfrey 2020). Waste collect service of 
municipalities has become a major waste 
management problem in Africa (UNEP, 2018; DEA, 
2011).  

Because of a lack of municipal capacity in the 
country, the delivery of efficient, effective, and 
frequent waste collection services is problematic 
(Nahman & Godfrey 2020) According to Rodseth et 
al. (2020), approximately 31% of South African 
households do not receive regular waste collection 
services. This leads to littering and illegal dumping, 
which is often associated with uncontrolled, open 

burning (Ghanimeh et al. 2019; Wilson & Webster 
2017). Open and uncontrolled burning of municipal 
solid waste (MSW) releases toxic pollutants in the 
air, which includes but are not limited to dioxins, 
furans, unintended polychlorinated biphenyls 
(PCBs) and particulate matter (PM) (Rabaji 2018; 
Wiedinmyer 2014; Carriero 2018).  

This study focuses explicitly on PM because of 
the direct link between PM2.5 (fine particulate matter 
with a diameter smaller than 2.5 µg) emissions and 
adverse impacts on human health. These include 
morbidity and mortality from respiratory diseases, 
cardiovascular disease, and infant mortality (Hauck 
et al. 2004; Gu et al. 2018:7; Kodros et al. 2016; 
Tecer et al. 2008:516; Kampa & Castanas 2007).  

The National Environmental Management Air 
Quality Act (39 of 2004) regulates emissions 
(including PM) from the controlled burning of waste 
in thermal applications, such as incinerators; while 
the uncontrolled, informal burning of waste (and its 
associated emissions) is more challenging to 
regulate, enforce and manage. 

Determining the composition of dumped waste is 
important to understand its potential contribution to 
emissions during uncontrolled, open burning 
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(McCauley-Bell et al. 1997:158; Gidarakos et al. 
2006:668). To this extent, this study aimed at 
determining the contribution of uncontrolled, open 
waste burning (based on waste composition) to PM 
emissions in Wedela (one township), Gauteng.  

1.1 Overview of Wedela 

Wedela is a rural town located in the Merafong 
Local Municipality and West Rand District 
Municipality in Gauteng, South Africa (Municipalities 
of South Africa 2020). Wedela was selected as the 
study area because it is located on the periphery of 
the Vaal Triangle Priority Airshed, with informal 
waste dumping and waste burning acknowledged as 
a problem in the area (DEA 2006). The primary 
economic sector in the district is dominated by 
mining. According to Merafong Local Municipality's 
integrated development plan (IDP) (Merafong city 
local municipality, 2018), the population of Wedela is 
estimated to be 18,000, and 6,297 households 
reside within the town. Waste collection services are 
a serious challenge in the Merafong Local 
Municipality (Ginindza & Muzenda 2016:21).  

2. Methods 

2.1 Waste composition characterisation 

Previous research conducted in Wedela was 
used to identify waste dumping sites. The GPS 
coordinates of waste dumping sites were captured, 
and the area was observed to determine if the 
source had historical or future potential burning 
activity. Sites with significant quantities of waste, 
larger than 12 m2 and relatively high levels of waste 
dumping activity, were characterised by their size, 
location, and waste composition. 

The composition of waste dumped at these sites 
was characterised according to the method 
suggested by the ASTM (American Society for 
Testing and Materials) according to the waste 
categories outlined in Table 1.  

The waste composition characterisation was 
based on three composite samples gathered on one 
day from three waste dumping sites in Wedela 
(Maystre & Viret, 1995). One composite sample was 
collected per site by dividing the dumping area into 
a grid of approximately 1 m x 1 m quadrants and 
sampling waste from at least three to four random 
quadrants.  

The ASTM provided methods for determining the 
composition of waste through 'black bag' sampling, 
where the sampling used 50 L containers to sample 
the unprocessed waste.  

Each waste sample was divided into categories 
as suggested by the ASTM (Table 1). Waste 
composition information was then used to estimate 
possible PM emissions, based on the assumption 
that different waste materials have different 

combustion potentials and would have different 
contributions to PM emissions.  

Table 1. Descriptions of waste component categories 

Waste Type Description 

Paper and 
cardboard 

Office paper, computer paper, 
magazine, corrugated and cardboard 

All plastics & 
polystyrene 

Dense and plastic foil 

Food waste All food waste except bones 

Other 
organics (not 
food) 

Yard waste (branches, twigs, leaves, 
grass, and other plant material), wood, 
textiles, rubber,  

Metals 
Ferrous, aluminium and non-ferrous, 
non-aluminium metals (copper, brass) 

Glass All glass materials 

Other Rock, sand, dirt, ceramics 

2.2 The equation for the estimate PM 
calculation 

The waste composition data was then used to 
examine and estimate the combustible and non-
combustible components of the waste and ultimately 
estimate its contribution to PM emissions. The 
following equations were used to calculate PM 
emissions.  

 Ei = Wb x EFi  (1)  

where Ei is the estimated PM emissions. The 

emissions factors for PM2.5 (11.9 g) and PM10 (9.8 

g) were taken from Wiedinmyer et al. (2014). Wb is 

the mass of waste burned which is calculated by the 
following equation: 

 Wb = P x Pfrac x MSWg x Bfrac (2)  

where P is the population in the study area (18 000 
inhabitants (DEA, 2019:113); Pfrac is the fraction of 
the population that burns waste, estimated by the 
municipality to be 40% (Ginindza & Muzenda 
2016:21); MSWg is the total waste generated per 
year per person (pp) in the study area, taken as 0.45 
kg/pp/d, equivalent to 164 kg/pp/a (DEA 2010:115). 
The total waste generation rate used for Wedela is 
an estimate based on all low-income settlements in 
South Africa. Bfrac is the percentage of waste that is 
combustible - 60% (Wiedinmyer et al., 2014; IPCC 
2006). After the waste characterisation, the 
categories of all sites were used to calculate the 
waste composition's contribution to the estimated 
PM emission. 

 Esample = WTsample x Cfrac x EFi  (3) 

where Esample are the estimated PM emissions when 

a waste sample is burned. WTsample is the waste 

samples of each site in the different categories. Cfrac 

is the percentage of combustible material in the 
waste sample (Park et al. 2013:1336). EFi is the 
emission factor for the PM particle gas. In this study, 
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PM2.5 (11.9 g PM/kg) and PM10 (9.8 g PM/kg) were 
used. Once the PM emissions were calculated, it 
could be established how much pollution the waste 
burning in Wedela contributes to the air quality in the 
area. 

3. Results 

3.1 Identification of dumping sites  

The three sites identified during the study were 
assessed based on their location, size, and level of 
burning activities. 

Figures 1 to 3 provide site photographs of sites 1, 
2 and 3, respectively. Figure (4) shows the locations 
of the three sites evaluated during this study. Site 1 
and 3 were located on the periphery but are still 
relatively close to the community. Site 2 was in the 
middle of Wedela. 

3.1.1 Dumping site 1 description 

Site 1 was located next to the road in a field 
across from a mine tailings facility. 

The dumping site was approximately 240 m2, with 
no active burning at the time of the site visit. The site 
does, however, have the potential to burn. Waste 
pickers were observed at Site 1. 

3.1.2 Dumping site 2 description 

Site 2 was an open field with residential 
settlements located across from the dumping site. 
The dumping site was approximately 1 200 m2, the 
largest of the three waste dumping sites. At the time 
of the site visit, historical burning was observed.  

3.1.3 Dumping site 3 description 

Site 3 was located adjacent to the road in an open 
area next to Wedela pre-primary school. There was 
a residential settlement located across from the 
dumping site. The dumping site was approximately 
80 m2 and the smallest of the three sites evaluated. 
There was no active burning at the time of the visit, 
although evidence of historical burning was 
observed.  

 
Figure 1. Dumping site 1 

 
Figure 2. Dumping site 2 

 
Figure 3 Dumping site 3 
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3.2 Waste composition characterisation 

The total waste collected was approximately 20 
kg for all three sites, with site 1 having the largest 
waste sample of 9.1 kg. The waste characterisation 
results of all three sites indicated that the waste is 
composed mainly of a plastic foil, as shown in Table 
2. The largest amount of waste collected for all the 
sites belongs to the plastic foil category with 5.1 kg. 

The waste types that were minimally collected 
sampled included metals, dense plastic, and other 
waste. The smallest sample waste type for all the 
sites consisted of metal, which was only 0.8 kg. In 
addition, waste types such as other organic, paper 
and cardboard had a notable contribution to the 
waste composition of all the sites  

 
Figure 4. All identified dumping sites contributing to waste burning in Wedela 

Table 2. Composition of waste in weight (kg) and 
percentage for the three sampled sites in Wedela 

3.3 Estimated PM emissions from waste 
burning 

It is essential to understand the composition of 
the dumped waste before determining the emissions 
produced by the waste when burned (Wiedinmyer et 
al. 2014; Park et al. 2013). The annual mass of 
waste burned in Wedela calculated by Equation 3 is 
709 t, using the input parameters in Table 3.  

Table 3. Waste burned (Wb) calculation of using the 

population in person and burned fraction in Wedela 

Parameters and values 

Pfrac (%) 40% 

P (Person) 18 000 

MSWg (𝑘𝑔. 𝑎−1) 164.25 

Bfrac 0.6 

Wb (kg) 709 560 
 

Table 4 shows the emission that is released when 
this amount of waste is burned. Approximately 8.4 
tons of PM10 and 6.9 tons of PM2.5 per year are 
emitted, assuming 40% of the population burns 
waste.  

Waste type Site 1 Site 2 Site 3 
Total of three 

samples 

Paper and 
cardboard 

2 0.5 1 3.5 

22.% 9% 17% 17% 

Dense 
Plastic 

0.3 0.9 0.7 1.9 

3.% 16% 12% 9% 

Plastic foil 
2.2 2.2 0.7 5.1 

24.% 40% 12% 25% 

Food 
waste 

1.7 0.3 2.1 4.1 

19.% 6% 36% 20% 

Other 
Organic 

0.7 1.5 0.6 2.8 

8.% 27% 11% 14% 

Metal 
0 0 0.08 0.08 

0% 0% 1% 1% 

Glass 
2.2 0.1 0.6 2.9 

24.% 2% 11% 14% 

Total waste 
sample (kg) 9.1 5.5 5.78 20.38 
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Table 4. Emissions [t.a-1], calculated from the waste 
burned (Wb) in Wedela using the emission factor rates 

for PM2.5 (g.PM/kg) and PM10 (g.PM/kg) (Table 3) 

Variable for emission 
calculations 

PM2.5 PM10 

Wb (kg) 709 560 709 560 

EFi (g PM/kg) 9.8  11.9 

Ei (t/a) 6.9 8.4 

3.4 Contribution of waste composition to PM 

The assumption that the sampled waste burns 
using the combustible percentage suggested by 
Park et al. (2013:1336) can determine the estimated 
amount of emission. Table 5 shows the percentage 
of combustibility of each waste category. Fabric 
(textile) and wood were combined and used to 
calculate the other organic waste type. The PM 
emission was estimated using the collected waste 
samples. The average of the waste samples was not 
used for the PM emission calculations. The total 
waste collected at all three sites were used to 
calculate the emissions.  

Table 5. Estimate PM emissions(g.kg-1) using 
percentage combustion of each collected waste 

type (kg) for the combined three samples 

Waste 
categories 

WTsample 
(kg) 

Cfrac (%) 
PM10 

(g.kg-1) 
PM2.5 

(g.kg-1) 

Paper and 
cardboard 

3.5 26.4 10.99 9.06 

All plastic, 
polystyrene 

6.7 32.7 27.24 16.02 

Food waste 4.1 14.5 7.08 5.83 

Other organic 2.8 21.4 7.13 5.87 

Metal & glass 2.98 5.0 1.77 1.43 

Total weight 20.38 100 54.21 38.24 
 

Figure 5 compares the total estimation of PM10 
and PM2.5 with other waste types. The radar chart 
shows that the weight leans to plastics and 
polystyrene, indicating that plastic contributes to PM 
emissions. Non-combustibles such as metal, glass 
and rock do not have a substantial contribution to PM 
emissions. 

This research has contributed towards 
understanding the contribution of waste burning on 
the emission of PM to ambient air, based on waste 
composition analysis. 

4. Discussion 

Site 2 was the largest site identified in the area, 
with the most historical burning. Site 2 was located 
in the middle of the settlement; for the community to 
have a central point to dump waste. At site 3, organic 
waste, paper, and cardboard are not waste targeted 
by waste pickers to recycle due to the waste type 
that does not have any incentive values in the area. 

Although organic waste can be used for compost, it 
does not hold recyclable properties. 

The overall composition of all sites showed 
plastic foil waste, food waste, paper, and plastic to 
be dominant at all locations, with glass being 
proponent at site 1 and food waste at site 3. The low 
levels of dense plastic and metal at all sites indicate 
that the community practices informal recycling. 
Table 2 shows all the weight of the waste samples 
with the average waste types. This can indicate the 
variability of the waste samples at all three sites in 
the study area.  

Reflecting on the waste composition of the three 
sites, plastic foil dominated the waste composition 
profile, with an average of 25% of the waste being 
plastic foil. The percentage for plastic was higher 
than anticipated. For the emission calculation of 
plastic, plastic foil and dense plastic were combined 
because there are no combustion percentages for 
both these categories. Plastic foil is generated daily 
and becomes an issue when ended up burning. The 
plastic foil consists primarily of shopping bags 
(Rabaji, 2018:81). 

Plastic foil and dense plastics were combined to 
calculate the total estimated plastic PM emissions. 
As shown in Table 5, only 2.3 kg of the 6.7 kg plastic 
waste will burn. 

Plastic was the largest waste fraction of the waste 
composition and had the highest percentage of 
combustibility, indicating that the emissions released 
are the highest of any other categories. This 
combination of all the plastic increased the amount 
of emission released in the area. The contribution of 
plastic waste to air pollution in Wedela should be 
high (Figure (5).  

 
Figure 5. Radar chart of the PM emissions 

Metal and glass are categorised as non-
combustible materials that take a long time to burn 
or need to burn under extreme temperatures 
(Lemieux, et al. 2004; Park et al., 2013:1336). Metal 
and glass were combined as both are non-
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combustible materials and present in low fractions of 
the total waste. The metal and glass portion released 
the least PM emissions, being 1 77 g PM10/kg and 
PM 1.46 g PM2.5/kg. Thus metals and glass are 
shown to have a relatively low contribution to PM 
emissions in the area.  

Although the second-largest fraction of the waste 
composition is food waste, paper and cardboard, 
and other organic material, these portions have a 
higher combustible percentage that could increase 
the emission released. The combustible fraction of 
the paper and cardboard was 0.9 kg/kg, and 0.6 
kg/kg of the organic waste. Paper had the second-
largest combustible percentage from all the waste 
types. The paper and cardboard comprised the 
second-highest fraction of the collected samples.  

Food waste combustible percentage is 14.5%, 
and only 0.6 kg/kg of the food waste burns, which 
releases a total of 7.1 g PM10/kg and 5.1 g PM2.5/kg, 
which is three times less than that of all plastic and 
polystyrene.  

Organic waste contributed 14%, which would 
release approximately the same amount of pollution 
as food waste. An option to dispose of organic waste 
for composting can be less harmful to the 
environment than burning (Rabaji, 2018) 

4.1 Assumptions and limitations 

The following limitations should be 
acknowledged. The waste sampling was conducted 
only at 3 sites and was sampled within one day, 
which does not represent the entire spatial area. 
More site visits were planned in the winter months to 
compare season variation of the waste composition.  

This will ultimately help establish if the identified 
waste sites show more burning activities during a 
different season. The waste fraction percentage of 
the samples was dependent on the ratio of other 
waste fractions (Aitchison 1986). The waste stream 
resulted in the waste fraction percentage being 
coiled since the space is limited from 0 to 100% 
(Edjabou et al. 2017).  

5. Conclusion 

This study aimed to investigate the degree to 
which waste dumping and waste burning may 
contribute to PM emissions in Wedela.  

Three dumping sites were selected to represent 
the township of Wedela. The waste of all sampled 
sites mostly existed out of all plastics and 
polystyrene (25%), followed by food waste (20%), 
paper and cardboard (17%). Metal, glass, 'other 
waste' and dense plastics were the waste types that 
constitute less of the waste profile and have the 
lowest estimated PM emissions. All plastic and 
polystyrene were a waste type with the highest 
combustibility with 32.7%. Combining all the plastic 

could result in this high amount of estimated 
emission.  

It is estimated that uncontrolled waste burning in 
Wedela emits 8.4 tons of PM10 emissions per year 
and 6.9 tons of PM2.5 emissions per year. Therefore, 
the uncontrolled open burning of waste is considered 
a significant source of air pollution. Waste burning 
has a high contribution to air pollution in Wedela. 
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Atmospheric dispersion models utilise mathematical equations that simulate the 
physics that control the transport and transformation of pollutants in the 
atmosphere. They provide a means of estimating air pollutant concentrations and 
particle deposition in the ambient environment based on information on emissions 
and the prevailing meteorology. For Eskom’s Air Quality Offset Programme, air 
quality offset interventions to reduce residential fuel burning will be rolled out in 
Ezamokuhle, Mpumalanga. In this study, the US-EPA approved Californian Puff 
(CALPUFF) modelling suite was utilised to simulate the transport, dispersion, 
chemical reactions and deposition of gases and particles for the Ezamokuhle 
airshed. An emissions inventory was compiled for the modelling domain which 
included the following source categories: power generation; residential, vehicle 
and biomass emissions. Based on this emissions inventory, the aforementioned 
modelling suite was utilised to predict the dispersion of the following pollutants: 
SO2, SO4

2-, NO2, NO3, PM10 and PM2.5. The modelled 99th percentile concentrations 
were assessed against the National Ambient Air Quality Standards for sensitive 
receptors. The results of this baseline modelling study have identified air quality 
hotspots in the Ezamokuhle township as well as highlighting the role of non-
buoyant localised ground-level emission sources in the airshed. 

Keywords: baseline modelling, emissions inventory, CALPUFF, ambient air 
quality, receptors 

1. Introduction  

Models have been used for decades to 
approximate physical systems and make 
estimates about the nature of the system under 
study (US EPA, 2004). Graedel and Crutzen 
(1997) have shown that it has become common 
practice in the environmental science field to 
describe complex systems of interacting 
physical, chemical, and biological processes 
through the design of numerical models. For 
example, mathematical models are often 
utilised for assessing air pollution impacts in 
order to gain a better insight into this 
multidimensional (Denzer, 2004) and 
multidisciplinary (Wang, 2005) challenge. 
Atmospheric dispersion models utilise 
mathematical equations that simulate the 
physics (Briggs, 1975; Gifford, 1960; Pasquill, 
1983; Turner, 1970) and chemistry (Seinfeld & 
Pandis, 1998) that control the transport and 
transformation of pollutants in the atmosphere. 
They provide a means of estimating air 
pollutant concentrations and particle deposition 
in the ambient environment based on 

information on emissions and the prevailing 
meteorology (Chen et al., 2001; NSW, 2004). 

For this Baseline Modelling Assessment 
study, a detailed understanding of the air quality 
impacts (time and space variation of the 
concentrations) is required. Additionally, this 
modelling study must be able to account for: 
causality effects, calms, non-linear plume 
trajectories, spatial variations in turbulent 
mixing, multiple source types and chemical 
transformations. The purpose of this study is to 
firstly assess the predicted ambient 
concentrations against the National Ambient Air 
Quality Standards (NAAQS) compliance limits 
(Table 1) for Sulphur dioxide (SO2), Nitrogen 
dioxide (NO2) and Particulate matter (PM10 and 
PM2.5). 

2. Methods 

2.1 Topography & Land Use 

The TAPM model was utilised to determine 
the topographical terrain map for the study area 
(Figure 1). The global terrain height and land 
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use datasets are sourced from the US 
Geological Survey (USGS), Earth Resources 
Observation Systems (EROS) Data Center 
Distributed Active Archive Center (EDC DAAC). 
The topography of the area is relatively flat with 
generally uniform terrain. 

 
Figure 1. Topography of the study area 

Based on the area’s land use, appropriate 
chemical transformation mechanisms; 
dispersion coefficients; albedo; surface 
moisture and surface roughness are selected 
for the modelling assessment. The 
classification of a site as urban or rural is based 
on the Auer method specified in the US EPA 
guideline on air dispersion models (US EPA, 
2005). The classification scheme is based on 
the activities within a 3 km radius of the emitting 
source. 

From the Auer’s method, areas typically 
defined as rural include residences with grass 
lawns and trees; large estates; metropolitan 
parks and golf courses; agricultural areas; 
undeveloped land and water surfaces. An area 
is defined as urban if it has less than 35% 
vegetation coverage or the area falls into one of 
the use types in Table 1. A land cover map of 
the study area is presented in Figure 2. Based 
on the Auer’s assessment method detailed 
above, the study area is classified as rural. 

 
Figure 2. Land cover for Mpumalanga (Source: 
Mpumalanga Spatial Development Framework, 

2019) 

2.2 Ambient Air Quality Monitoring 
Analysis 

2.2.1 Trend analysis plot 

The air quality model (Carslaw, 2012; 
Carslaw & Ropkins, 2015) was utilised to 
statistically analyse the semi-empirical 
mathematical relationships between air 
pollutant concentration and meteorological 
factors for the Ezamokuhle station (-
26.997585°S, 29.850221°E) from 1 January 
2018 to 31 December 2019. 

SO2 (Figure 3) shows a typical industrial 
signature with increased SO2 concentrations at 
around midday due to the break-up of an 
elevated inversion layer. In addition to the 
above, the development of daytime convective 
conditions causes the plume to be brought 
down to ground level relatively close to the point 
of release from tall stacks. The winter (June, 
July and August period) increase in SO2 
concentrations shows the contribution of 
residential fuel burning to the ambient SO2 
concentrations at the Eskom Ezamokuhle 
station. It’s evident there is a second less 
pronounced peak that occurs at 18:00 in winter 
(peaking in the months of June and July) thus 
indicating the impact of residential fuel burning 
emissions. 

Table 1. Land types, use and structures, and 
vegetation cover 

Urban Land Use 

Type Use and Structures Vegetation 

I1 Heavy industrial Less than 5 % 

I2 Light/moderate industrial Less than 5 % 

C1 Commercial Less than 15 % 

R2 Dense single / multi-family Less than 30 % 

R3 Multi-family, two-story Less than 35 % 

The Ezamokuhle NO2 concentrations 
(Figure 3) reveal that the variability of this 
pollutant concentration is influenced by vehicle 
emissions. Daily and weekly variation 
corresponds to the cyclical nature of traffic 
volume with marked peaks in concentration on 
weekdays around the early morning and late-
afternoon rush-hours. Figure 3 shows NO2 
concentrations plotted by time-of-day for 
Ezamokuhle. It shows a clear rise in 
concentrations with the peak of the morning 
rush-hour at around 06:00 and a second less 
marked rise with the evening rush-hour peaking 
at around 18:00. The winter concentrations of 
NO2 show the contribution of residential fuel 
burning to the ambient NO2 concentrations at 
the Eskom Ezamokuhle and Majuba air quality 
monitoring stations. 
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O3 (Figure 3) shows a strong diurnal & 
seasonal variation. Surface O3 concentrations 
increase from a minimum near sunrise to a 
maximum in the afternoon (around 15:00), then 
decrease again to the early morning minimum 
throughout the entire week (Figure 3). The 

highest concentrations occur around 
September which coincides with the biomass 
burning season in Southern Africa. Biomass 
burning is seasonal and occurs almost 
exclusively during the winter and into spring, 
from July to September (Silva et al., 2002). 

 
Figure 3. Mean pollutant concentrations (ppb) for the Eskom Ezamokuhle air quality station. 

 
Figure 4. Mean PM2.5 pollutant concentrations (µg/m3) for the Ezamokuhle air quality station.  

The PM10 morning peak occurs at 07:00 
whilst the evening peak occurs at 18:00 
(Figure 4). This is a typical profile for residential 
fuel burning. The morning peaks reduces 
towards midday as the inversion layer rises & 
improves the mixing height of the planetary 
boundary layer. It’s evident there is a third less 
pronounced peak that occurs at midday due to 
the break-up of an elevated inversion layer, in 
addition to the development of daytime 

convective conditions causing the plume from 
tall stack emissions to be brought down to 
ground level. Monthly variation of particulate 
matter shows elevated concentrations during 
early winter months to early spring (May to 
September) due to the greater contribution from 
domestic fuel burning, dust from uncovered 
soil, and the lack of the settling influence of 
rainfall. 
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2.2.2 Time series analysis 

The time-series graphs (Figure 5 to 7) 
summarise the observed concentrations of 
SO2, NO2, and PM2.5 at the Eskom Ezamokuhle 
monitoring station for the years 2018 to 2019. 
The hourly 99th percentiles for SO2 were only 
above the limit value of 134 parts per 
billion(ppb) for 3 occasions in 2018 (Figure 5). 
These exceedances occur in the months of 
January, April and August just around midday. 
In addition to the development of daytime 
convective conditions causing the plume to be 
brought down to ground level relatively close to 
the point of release from tall stacks. Thus, these 
exceedances are likely due to the impact of an 
elevated emission source. It’s evident from 
Figure 5 that the daily SO2 concentrations were 
well below the NAAQS limit value of 48 ppb for 
the entire period. Similarly, Figure 6 shows that 
there were no recorded exceedances of the 
hourly NO2 NAAQS standard of 106 ppb.  

 
Figure 5. SO2 (ppb) ground level hourly time series. 

 
Figure 6. NO2 (ppb) ground level daily time series. 

 
Figure 7. PM2.5 (ppb) ground level time series. 

The NAAQS for the daily PM2.5 limit (40 
µg/m3) was exceeded for 1 occasion in 2018 
(Figure 7) which occurs at 21;00 thus indicating 
the impact of a residential fuel burning source. 
In 2019 the NAAQS for PM2.5 was exceeded in 
the winter months, with the peak concentrations 
occurring at 08:00 whilst the evening peak 
occurs at 18:00, a typical profile for residential 
fuel burning. 

2.3  Models Utilised in the Study 

2.3.1 Meteorological model 

South Africa is constrained by the lack of an 
adequate network of surface and upper air 
meteorological stations that are representative 
of the atmospheric boundary layer near the 
surface or at higher levels (Zunckel, 2007). 
Further, spatially, and temporally 
representative wind flow statistics are not 
widely available for South Africa (Raghunandan 
et al., 2008). For this study, no upper air 
meteorological data are recorded within the 
modelling domain and the nearest upper air 
station is located at Irene in Pretoria. Therefore, 
due to the scarcity of surface and upper air 
meteorological stations available for the study 
area, TAPM was used to provide site-specific 
and representative meteorological data to drive 
the dispersion model. 

TAPM uses databases of global terrain 
height, land use, sea-surface temperature, and 
synoptic meteorological analyses as input. The 
global terrain height and land use datasets are 
available at a grid space resolution of ~1 km 
whilst the sea surface temperature and synoptic 
scale meteorological datasets are available at 
100 km resolution. The global terrain height and 
land use datasets are sourced from the US 
Geological Survey (USGS), Earth Resources 
Observation Systems (EROS) and the Data 
Center Distributed Active Archive Center (EDC 
DAAC) data (Hurley et al., 2005). The global 
long-term monthly mean sea surface 
temperatures are derived from the US National 
Centre for Atmospheric Research and the 
synoptic scale analyses are obtained from the 
Australian Bureau of Meteorology 

2.3.2 Dispersion modelling 

The US-EPA approved Californian Puff 
(CALPUFF) modelling suite was utilized for the 
level 3 tier modelling assessment. CALPUFF is 
a non-steady-state, time-and space-dependent 
Gaussian puff model which is designed to 
simulate the transport, dispersion, chemical 
reactions and deposition of gases and particles 
in the atmosphere (Ainslie & Jackson, 2009; 
Scire et al., 2000). CALPUFF treats emissions 
as a series of continuous puffs. Each puff is 
allowed to move with the ambient wind flow 
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(Moschandreas et al., 2006). As the wind flow 
changes from hour to hour, the path of each puff 
is displaced in a Lagrangian fashion while 
undergoing Gaussian dispersion. The model 
predicted concentrations are calculated based 
on the contributions of each puff as it passes 
near or over a discrete receptor point in the 
modelling domain (Scire et al., 2000). 

2.4 Emissions Inventory Utilised in 
Modelling 

To identify possible effects of reduction 
measures in an area it is necessary to prepare 
a representative emission source inventory. An 
emissions inventory was compiled for the 
modelling domain that included the source 
categories power generation, residential 
combustion, vehicles and biomass burning. 

2.4.1 Power generation sources 

The only the Eskom power station located 
within the study domain is Majuba (4 110 MW). 
(Figure 8). The emissions inventory was based 
on Eskom’s reported emissions for 2017 to 
2019. The emissions inventory is shown in 
Tables 2 and 3. 

Table 2. Model efflux parameters for Eskom Majuba 
Power Station (tons/annum). 

 

Table 3: Eskom Coal Stockpiles (tons/annum). 

 

 
Figure 8. Map showing the location of Majuba 

Power Station and coal stockpile. 

2.4.2 Vehicle emissions 

Emissions from vehicles arise during the 
different cycles of driving from start-up, during 
driving, evaporation from the engine and fuel 
line, and during re-fuelling (DEFF, 2010). 
Particulate matter is also emitted from brake, 
tyre and road wear (DEFF, 2013). Other 
pollutants associated with vehicle emissions 
include SO2, NOx, CO, benzene (C6H6) and Pb. 
The emission rates are co-dependent on 
various factors relating to vehicle park (vehicle 
class, model, speed and maintenance); fuel 
specifications and environmental factors 
(Samaras et al., 1999). Vehicular emissions for 
all municipalities in South Africa were 
calculated in the Integrated Strategy for the 
Control of Motor Vehicle Emissions (DEFF, 
2013). The vehicle categories included 
passenger cars, light duty vehicles, heavy duty 
vehicles, buses, and motorcycles. To calculate 
the emissions, a top-down approach was 
utilised wherein Tier 1 emission factors 
developed by the European Environmental 
Agency (Tables 6 to 8) were applied to fuel 
sales data. The estimated emission factors 
(Table 4) were utilised in the baseline modelling 
assessment for the road network (Figure 9) in 
the domain incorporating the Pixley ka Seme 
Local Municipality. 

Table 4. Tier 1 emission factors for combustion 
from motor vehicle emissions (DEFF, 2013). 

 

Table 5. Tier 1 PM10 emission factors for tyre and 
brake wear and road surface wear (DEFF, 2013). 

 

Table 6. Tier 1 emission factors for evaporation 
from motor vehicle emissions (DEFF, 2013). 

 

Diameter 
Source 

(m) 

Height 
 

(m) 

Exit 
Velocity       SO2 (t/a)      NO2 (t/a)         PM10                  PM2.5 

Temp (K) 
(m/s) 

 12.3 250 398 22 81 896 69 825 1403 1198 

Majuba         

 12.3 250 398 22 81 896 69 825 1403 1198 

 

PM10   (t/a)                                               PM2.5 (t/a) 

COAL STOCKPILE COAL STOCKPILE                                COAL STOCKPILE 

Materials Handling (quantity-based) 1.4                                                           0.2 

Wind Erosion (surface area-based) 49.5                                                         19.8 
Sub total 50.9                                                         20.0 

ASH DUMP ASH DUMP                                             ASH DUMP 

Materials Handling (quantity-based) 0.1                                                           0.0 

Wind Erosion (surface area-based) 540.6                                                       216.3 
Sub total 540.7                                                       216.3 

TOTAL 591.6                                                       236.3 

  

Category                                                        
Emission Factor 
(g/km/vehicle) 

Motorcycles 0.0064 

Passenger cars 0.0138 

Light-duty vehicles 0.0216 

Heavy-duty vehicles and buses 0.0590 

 

 
Category                                     Fuel 

Emission Factor 
(g/vehicle/day) 

  NMVOC Benzene 

Motorcycles Gasoline 3 0.0291 
 

Passenger cars 
Gasoline 14.8 0.14356 

Diesel 50 - - 
 

Light-duty vehicles 
Gasoline 2.6 0.21922 

Diesel 500 -- - 

Heavy-duty vehicles and buses Diesel 500 - - 
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Table 7. Pixley ka Seme Local Municipality vehicle 
emissions (tons/annum) (DEFF, 2013). 

 

 
Figure 8. Major roads utilised in the assessment. 

Residential Fuel Burning 

Residential fuel burning for the modelling 
was estimated based on energy use data at the 
sub-place level for: Ezamokuhle and 
Daggakraal (including Vlakplaats and 
Vlakpoort) (Figure 10) obtained from the 2011 
Census (StatsSA, 2011). The 2011 Census 
delineates the number of households utilising 
fuels for domestic purposes (cooking, lighting, 
space heating) as shown in Tables 7 and 8. 

It is evident from Tables 8 & 9 that electricity 
is the preferred energy source throughout the 
households in Ezamokuhle. Coal is also a 
popular energy option for the Ezamokuhle 
homes. 

Table 8. Residential fuel usage (% of households) 

within Ezamokuhle. 

 

Table 9. Residential fuel usage (% of households) 
within Daggakraal.  

 

The total quantities of fuels being 
consumed by the households at a sub-place 
level were estimated based on the typical 
monthly fuel use figures, given by Afrane-
Okese (1999). The DEFF emission factors for 
residential fuel burning (DEFF, 2019) were then 
applied to calculate the resultant emissions for 
the study (Table 11). 

Table 10: Emission factors for residential fuel 
burning (DEFF, 2019).  

 

Table 11: Estimated residential fuel burning 
emissions in tons per year for the study area.  

 

 
Figure 9. Location of residential fuel burning areas 

are indicated by black outlines. 

2.4.3 Biomass burning 

Biomass burning refers to the large scale 
burning of vegetation, which includes savanna, 
forests and grasslands, domestic fuels and 
agricultural wastes (Andreae, 1991; Crutzen 
and Andreae, 1990). Fires emit large volumes 
of PM, CO, NOx and VOC (DEFF, 2012). 
Biomass burning occurs predominantly during 
the dry season, from May to October in 
southern Africa (Cahoon et al., 1996; Scholes 
et al., 1996a, 1996b; Scholes & Andreae, 2000; 
Swap et al., 1996). The majority of wild fires on 
the Highveld are thought to be anthropogenic 
and include veld fires, burning of grazing land 
and crop-residue (DEFF, 2010). The biomes 
(Figure 11) which are categorised as high to 
extreme risk include the following. fynbos, 
savannah and grassland. Mpumalanga is 
predominantly a grassland biome thus an area 
at high to extreme risk of veld fires. 

Energy Source            Cooking                       Heating                        Lightning 
Electricity 71.1                              53.4                              53.4 

Gas 0.4                                 0.5                                 0.5 
Paraffin 3.3                                 1.3                                 1.3 

Solar 0.1                                 0.2                                 32.4 

Candles 0                                    0                                    0.9 

Wood 0.9                                 0.9                                 0 
Coal 22.8                              32.4                              0 

Animal Dung 0.6                                 0.8                                 0 

Other 0.1                                 0                                    0 
None 0.7                                 10.5                              0.8 

 

Energy Source            Cooking                       Heating                        Lightning 

Electricity 29.3                              18                                  18 

Gas 0.4                                 0.4                                 0.4 

Paraffin 1.5                                 0.8                                 0.8 

Solar 0                                    0                                    65.8 

Candles 0                                    0                                    5.2 

Wood 3.5                                 5.2                                 0 

Coal 60                                  65.8                              0 

Animal Dung 5                                    6.4                                 0 

Other 0                                    0                                    0 

None 0.4                                 3.4                                 6.4 
 

Emission rate (tons per annum) 
 SO2                               NOx                              PM10                             PM2.5 

Amersfoort 0.44                  0.07                   0.06                    0.04 
Ezamokuhle 2.0                     0.3                     0.3                      0.2 

Majuba 0.0037              0.0009               0.0004               0.0002 

Palmietfontein 0.5                     0.1                     0.1                      0.1 

Daggakraal 6.2                     1.0                     1.1                      0.8 
 

 
Fuel Type 

Emission Factor 

PM10 PM2.5 SO2 NOx CO VOC 

Coal(g/kg) 16.146 16.146 11.6 3.95 94.38 5 

Paraffin(g/l) 0.359 0.359 0.851 1.5 44.9 0.085 

Wood(g/Kg) 13.745 13.745 0.123 1.224 114.577 19.867 

Gas(g/kg) 0.068 0.068 0.01 1.4 13.6 0.018 

 

Page | 145



 
Figure 11. South African Biomes (SANBI, 2004). 

According to DEFF (2010) the emission of 
criteria pollutants from biomass fires is 
calculated by the general formula. Emission = 
(Area burned) x (Fuel Load) x (Completeness 
of combustion) x (Emission Factor).  

The total area burned annually was based 
on remote sensing data from the CSIR Meraka 
Institute. The fuel load was estimated using the 
vegetation map (SANBI, 2004). For fuel 
combustion completeness factors, the IPCC 
GHG Inventory Guideline 2006 (IPCC 2006) 
was adapted using the soil fertility classes from 
the South African National Land Cover map. 
The emission factors were based on Southern 
African Regional Science Initiative (SAFARI) 
2000 data (Ito & Penner, 2004). The emissions 
of the biomass burning events used in the study 
are shown in Table 11 and the location of these 
wildfires is illustrated in Figure 12. 

Table 12: Estimated biomass burning emissions 
(tons/annum). 

 

  
Figure 12. Location of biomass burning emissions 
indicated by orange polygons utilised in the study. 

An overview of all the sources is given in 
combined map with overlays in Figure 13. 

 
Figure 13: Overview of all emissions source 

categories utilised in the study. 

2.5 Modelling Grids & Receptors 

2.5.1 Meteological model grids 

TAPM was used to model the hourly 
surface and upper air meteorology for the study 
area, for 2017 to 2019. TAPM was initially run 
for a larger mother domain meteorological grid 
which was then used to initialise the smaller 
fine-resolution modelling grids. The outer 
domain is 600 km by 600 km at a 24 km grid 
resolution, the middle domain is 300 km by 300 
km at a 12 km grid resolution and the inner 
domain is 75 km by 75 km at a 3 km grid 
resolution (Figure 14). These simulations used 
as model input the default databases of global 
terrain height data, land use and synoptic scale 
meteorological analyses data. 

 
Figure 14. Nested grid domains used in the TAPM 

simulation. 
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Table 13: Modelling domain grid specifications. 

 

The CALMET modelling domain for the 
study area has an extent of 65 km by 65 km with 
a uniformly spaced horizontal grid resolution of 
0.5 km. The vertical height of the domain was 
set at 5 km with 12 layers. 

A primary (coarse resolution) grid and a 
secondary grid (finer resolution) was utilised in 
the CALPUFF simulations (Figure 15). The grid 
specifications for each modelling domain are 
specified in Table 13. 

The domain extends 40 km (west-east) by 
40 km (north-south) for a CALPUFF modelling 
domain of 1600 km2. It consists of a uniformly 
spaced Cartesian receptor grid with 500 m 
spacing, giving 6400 grid cells (80x80 grid 
cells). This modelling domain accounts for a 
range of emission sources within a 20 km radius 
around Ezamokuhle. 

The domain extends 8 km (west-east) by 8 
km (north-south) for a CALPUFF modelling 
domain of 36 km2. It will consist of a uniformly 
spaced Cartesian receptor grid with 200 m 
spacing, giving 1600 grid cells (40x40 grid 
cells). This fine grid resolution ensures that 
dispersion characteristics and ambient 
concentrations are accurately captured within 
and in the immediate vicinity of Ezamokuhle. 

 
Figure 15. CALPUFF modelling domains. 

The location of the discrete receptors that 
were selected in the modelling domains are 
illustrated in Figures 16 and 17. 

 
Figure 16. Location of discrete receptors in the 

primary modelling domain. 

 
Figure 17. Location of discrete receptors (R1 to R9) 

in the secondary modelling domain.  

3. Results & Discussion 

3.1 Model Predicted Concentrations to 
NAAQS 

3.1.1 SO2 

The predicted 99th percentile hourly, daily 
and annual average ambient SO2 
concentrations as a result of all SO2 emissions 
sources are in compliance with the NAAQS 
(Tables 14 to 16) in the modelling domain 
(Figure 15). Higher SO2 concentrations 
associated with the south-westerly winds are 
most likely due to emissions from the Eskom 
Majuba station. Elevated ground level 
concentrations of SO2 during calm winter 
conditions indicate the contribution of 
residential fuel burning to the ambient SO2 
concentrations (Figure 3). 

Table 14. Hourly SO2 99th percentile concentrations 
(µg/m3) calculated at the discrete receptors for 2017 

to 2019. 

 

Receptor               NAAQS                
Model Predicted Hourly SO2 

Concentration 

Ezamokuhle  

 
350 

114 

Amersfoort 115 

Daggakraal 121 

Palmietfontein 135 
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Table 15. Daily SO2 99th percentile concentrations 
(µg/m3) at the discrete receptors for 2017 to 2019. 

 

Table 16. Annual SO2 concentrations(µg/m3) at the 

discrete receptors for 2017 to 2019. 

 

 
Figure 18. Predicted 99th percentile hourly SO2 

ambient air quality concentrations (µg/m3). 

 
Figure 19. Predicted 99th percentile daily SO2 

ambient air quality concentrations (µg/m3). 

The predicted 99th percentile hourly and 
annual ambient NO2 concentrations as a result 
of all NO2 emissions sources utilised in this 
study are in compliance with the NAAQS 
(Tables 17 & 18) at all discrete receptors 
(Figures 21 and 22). At the Eskom Ezamokuhle 
station (Figure 3), the high NO2 concentrations 
occur under stable atmospheric conditions 
when non-buoyant ground-level sources are 
important. The time variation plot at 

Ezamokuhle reveals that the variability of NO2 
concentrations is conditioned by vehicle 
emissions. Additionally, the plot indicates the 
impact of NO2 concentrations in winter at the 
Eskom Ezamokuhle and Majuba stations, 
which demonstrates the additional contribution 
of residential fuel burning sources. 

 
Figure 20. Predicted 99th percentile annual SO2 

ambient air quality concentrations (µg/m3). 

Table 17. Hourly NO2 99th percentile 
concentrations(μg/m3) calculated at the discrete 

receptors for the period 2017 to 2019. 

 

Table 18. Annual NO2 99th percentile 
concentrations(μg/m3) calculated at the discrete 

receptors for 2017 to 2019. 

 

 
Figure 21. Hourly NO2 99th percentile 

concentrations (μg/m3). 

Receptor               NAAQS    Model Predicted Daily SO2 Concentration 

Ezamokuhle  

 
125 

54 

Amersfoort 47 

Daggakraal 39 

Palmietfontein 43 
 

Receptor               NAAQS                
Model Predicted Annual SO2 

Concentration 

Ezamokuhle  

 
50 

6 

Amersfoort 4 

Daggakraal 6 

Palmietfontein 7 
 

Page | 148



 
Figure 22. Annual NO2 99th percentile 

concentrations (μg/m3). 

3.1.2 Particulate matter 

The predicted 99th percentile daily and annual 
ambient particulate matter concentrations as a 
result of all emissions sources utilised in this 
study are generally in compliance with the 
NAAQS (Tables 19 to 21) at all discrete 
receptors . The particulate matter morning and 
afternoon peaks (Figure 4) are a typical profile 
for residential fuel burning. The morning peaks 
reduce toward midday as the inversion layer 
rises and improves the mixing height of the 
planetary boundary layer. It’s evident there is a 
third less-pronounced peak that occurs at 
midday (Figure 4) indicating the impact of a tall 
stack emission source. 

Table 19. Daily PM10 99th percentile 
concentrations(μg/m3) calculated at the discrete 

receptors for 2017 to 2019. 

 
Table 20. Daily PM2.5 99th percentile 

concentrations(μg/m3) calculated at the discrete 
receptors for 2017 to 2019. 

 

Table 21. Annual PM10 99th percentile 
concentrations(μg/m3) calculated at the discrete 

receptors for 2017 to 2019. 

 

Table 22. Annual PM2.5 99th % concentrations 
(μg/m3) at the discrete receptors for 2017 to 2019. 

 

 
Figure 23. Daily PM10 99th percentile 

concentrations (μg/m3). 

 
Figure 10. Daily PM2.5 99th percentile 

concentrations (μg/m3). 

 
Figure 11. Annual PM10 99th percentile 

concentrations (μg/m3). 

Receptor               NAAQS    Model Predicted Daily PM2.5 Concentration 

Ezamokuhle  

 
40 

7 

Amersfoort 6 

Daggakraal 5 

Palmietfontein 6 
 

Receptor               NAAQS     Model Predicted Daily PM10 Concentration 

Ezamokuhle  

 
75 

8 

Amersfoort 7 

Daggakraal 6 

Palmietfontein 8 
 

Receptor               NAAQS                
Model Predicted Annual PM2.5 

Concentration 

Ezamokuhle  

 
20 

0.64 

Amersfoort 0.49 

Daggakraal 0.61 

Palmietfontein 0.93 
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Figure 26. Annual PM2.5 99th percentile 

concentrations(μg/m3). 

3.2 Air Quality Hotspots Identified in 
Ezamokuhle 

The prioritisation of air quality hotspots for 
Ezamokuhle has been ranked on the basis of 
impacts. This ensures that the areas that 
potentially pose the greatest risk to human 
health Table 23 provides a summary of the 
predicted daily particulate concentrations 
calculated at Ezamokuhle for the secondary 
modelling domain. 

It’s evident that the highest predicted 
concentrations occur at discrete receptors 1, 3 
and 6 respectively. The discrete receptors 1 & 
3 are located in China 2, Ezamokuhle whilst 
receptor 6 is located in Roestein, Ezamokuhle 
(Figures 27 and 28). 

Table 23. Daily PM10 & PM2.5 99th percentile 
concentrations (μg/m3) calculated at each zone in 

Ezamokuhle. 

 

3.3 Limitations of Study  

The extent to which a user has reliable 
information on emissions data, meteorological 
data and the correct model physics set-up will 
influence the accuracy of the model predicted 
concentrations. For this baseline modelling 
assessment study, the following limitations 
must be noted: 

i. Atmospheric Emission License (AEL) 
data serve as the principal information source 
for activity data in order to estimate emissions 
from industrial sources. Although ARM 

submitted a request to the Department of 
Environment, Forestry and Fisheries (DEFF) 
requesting the AEL data for industrial sources 
within the modelling domain, DEFF was unable 
to provide the data. DEFF responded stating 
that they will not be able to disclose the data 
due to data policy privacy issues. Thus, the 
cumulative impact of other industrial sources is 
not included in the model simulation which 
results in an under prediction of the pollutants 
for the sector.  

 
Figure 12. Daily PM10 99th Percentile modelled 

concentrations (μg/m3) over Ezamokuhle. 

 
Figure 28. Daily PM2.5 99th Percentile modelled 

concentrations (μg/m3) over Ezamokhule. 

ii. The South African National Atmospheric 
Emission Inventory System (NAEIS) contains 
emissions info for mines, controlled emitters 
and facilities identified in accordance with the 
local by-laws. DEFF was not able to provide the 
NAEIS emissions data due to data policy 
privacy issues. Thus, cumulative impacts of 
mines, controlled emitters and facilities 
identified in accordance with the local by-laws 
are excluded from the study which results in an 
under prediction of the simulated pollutants.  

Receptor/Zone       PM10               PM2.5 

1 7.86 6.77 

2 7.53 6.62 

3 8.19 6.94 

4 7.39 6.45 

5 7.39 6.50 

6 7.54 6.37 

7 6.94 5.93 

8 6.97 5.94 

9 7.20 6.21 
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iii. Emissions from local unpaved roads 
were excluded from the study. The data 
required to model “local roads” dust emissions 
are currently not available for Ezamokuhle. The 
information required to model these local roads 
includes location of unpaved roads; silt content 
of each road; number of vehicles; vehicle types; 
empty and full weight of heavy-duty vehicles & 
taxis utilizing these roads. Thus, the model 
predicted results will be under-predicted herein. 

iv. Residential fuel burning for the modelling 
was estimated based on energy use data at the 
sub-place level for: Ezamokuhle utilizing 
StatsSA Census data. There is currently no 
finer resolution residential fuel burning data for 
Ezamokuhle as such the model simulated 
results are constrained by the granularity of this 
data. Thus the model predicted results will be 
under predicted herein. 

4. Conclusions  

The CALPUFF modelling suite was utilised 
to predict the dispersion of the following 
pollutants: SO2; SO4

2-; NO2; NO3, PM10 and 
PM2.5. The total concentrations of particulate 
matter (PM10 or PM2.5) were computed as the 
sum of primary particulate matter 
concentrations (PM10 or PM2.5) plus the 
contribution of concentrations from secondary 
particulate matter. The modelled 99th percentile 
hourly and daily as well as the annual average 
modelled concentrations for SO2, NO2 and 
PM10 for sensitive receptors were assessed 
against the NAAQS. The dispersion of the 
pollutants was simulated for the prevailing 
meteorological conditions.  

The predicted 99th percentile SO2, NO2 and 
PM10 concentrations were in compliance with 
the NAAQS in the modelling domain. The 
prioritisation of air quality hotspots for 
Ezamokuhle was ranked on the basis of air 
quality impacts. This ensured that the areas 
that potentially pose the greatest risk to human 
health and the environment were identified for 
placement of the E-BAM particulate analysers. 
The highest predicted concentrations for 
Ezamokuhle occur in China 2 and Roestein.  

It must be noted that for atmospheric 
dispersion modelling a comprehensive 
emissions inventory will need to be developed 
to account for these localised sources 
(vehicles, local roads, and residential fuel use). 
Additionally, the study has highlighted the role 
of non-buoyant localised ground-level sources 
in the Ezamokuhle airshed and the need to 
develop a bottom-up emissions inventory to 
account for these localised sources. 
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Air pollution levels in low-income communities on the South African Highveld are 
notoriously high and present a serious health risk for people living there, especially for 
people making use of dirty fuels to meet their domestic energy needs. Data was collected 
in almost one thousand randomly selected, coal-using households in the towns of 
KwaZamokuhle and eMzinoni, Mpumalanga between July 2019 and February 2020. 
Indoor and ambient PM2.5 measurements, structured interview results on health and 
household fuel use as well as spirometry and allergy sensitivity results were used to 
better understand the air pollution levels in these communities as well as the prevalence 
of self-reported and measured health outcomes. Results confirmed that air quality poses 
a health risk in these communities on the Highveld: half of participating households 
perceived ambient air quality to be a problem, a finding which was confirmed by ambient 
PM2.5 measurements. Fewer households considered indoor air pollution to be a problem 
in KwaZamokuhle than in eMzinoni, however >90% of indoor PM2.5 measurements in 
KwaZamokuhle and >70% of indoor PM2.5 measurements in eMzinoni were above the 
daily National Ambient Air Quality Standard limit value, a standard set to protect human 
health. About 20% of participants in both communities reportedly suffered from 
symptoms previously linked to air pollution exposure: watery eyes, wheezing and 
coughing attacks. Ten percent of participants who had their lung function tested showed 
some sign of inflammation or obstructive pulmonary disease. Around one third of 
participants tested positive to a non-specific lgE allergy test. Though past research has 
reported on the indoor and ambient air pollution problem which exists in KwaZamokuhle, 
this study presents in-depth health data for the community in relation to this 
environmental risk factor. This is the first study to present such data for eMzinoni.  

Keywords: asthma; dirty fuels; environmental health; household air pollution; particulate 
matter; respiratory health. 
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1. Introduction 

1.1 Air pollution on the Highveld 

Over the past years, a range of studies have 
been conducted in low-income communities on the 
South African Highveld to better understand the fuel 
use habits of households as well as the consequent 
indoor and ambient air pollution levels (Nuwarinda 
2007; Language et al. 2016; Lindeque 2018; 
Adesina et al. 2020a; Language 2020; Nkosi et al. 
2021).  

The findings of these studies have shown 
common trends: people living in households in low-
income communities on the Highveld rely on 
affordable solid fuels (here: mostly coal) for domestic 
burning practices and often choose to use old, 
inefficient coal stoves to cook and heat rather than 
costly electricity and electrical appliances (Nkosi et 
al. 2021; Language 2020).  

Burning these fuels leads to high ambient air 
pollution levels and, in many cases, even higher 
indoor air pollution levels (Language 2020). There 
are many other sources of ambient air pollution in 
these communities, such as waste burning 
practices, road dust or traffic-related emissions 
(Nkosi et al. 2018). Air pollution levels indoors can 
be influenced by environmental tobacco smoke 
(ETS), dust or dirty air infiltrating the dwelling 
structure, for example, or it can be caused by 
cooking and/or heating activities (Ezzati & Kammen 
2002; Van Tran et al. 2020).  

Indoor air pollution from heating and cooking 
using dirty fuels is a direct function of, for instance: 
a) the fuel and the stove type used, b) whether there 
is a (functioning) chimney on the stove, c) the 
location in which the burning takes place (indoors or 
outdoors) as well as d) the ventilation potential and 
structural integrity and insulation of the dwelling 
(Ferguson et al. 2020). Overall, studies suggest that 
people living in these communities are 
disproportionately burdened by air pollution which 
poses a serious health threat to those exposed 
(Nkosi et al. 2021; Language 2020).  

One low-income community in specific, namely 
KwaZamokuhle, close to Hendrina Town in 
Mpumalanga, has been well-researched due to its 
location near a power station (Language et al. 2016; 
Nkosi et al. 2018; Qhekwana 2019; Moletsane et al. 
2021). Numerous indoor and ambient air quality 
monitoring campaigns, studies about fuel use 
patterns, burning times and emission factors and 
even intervention studies designed to reduce indoor 
and ambient air pollution levels have been 
conducted in KwaZamokuhle. 

Several household surveys have been 
administered where data on quality of life, dwelling 
structures and general demographics have been 
collected. However, health status is one element that 

has not been explored in much detail in relation to 
air quality concerns in KwaZamokuhle. 

1.2 Dirty fuels, air pollution and health 

In South Africa, about 13% of the population 
relies on solid fuels or “dirty” fuels (mostly wood) for 
cooking activities and an estimated 6.6 million 
people are affected by household air pollution (HAP) 
created by domestic burning practices that involve 
dirty fuels (Clean Cooking Alliance 2020). The 
adverse health effects of air pollution contribute 
substantially to South Africa’s burden of disease, 
and in the year 2 000 almost 5 000 deaths and 42 
219 years of life lost were estimated to be 
attributable to ambient air pollution in urban areas 
(Norman et al. 2007a). In the same year, exposure 
to indoor smoke from solid fuels was estimated to 
have caused around 2 500 deaths and around 61 
000 disability-adjusted life years (Norman et al. 
2007b). 

Health impacts linked to air pollution affect people 
at all stages of life and can be caused by acute or 
chronic exposure (West et al. 2016; Manisalidis et al. 
2020).Though most health impacts are linked to 
respiratory ill health (e.g., chronic obstructive 
pulmonary disease, lung cancer or severe asthmatic 
symptoms), it has also been linked to cardiovascular 
disease, adverse birth outcomes (such as low birth 
weight and pre-term birth) and even diseases of the 
eye (i.e., cataract or blindness) (Ezzati & Kammen 
2002; Lozano 2007).  

In this paper we present the results of a 
respiratory health study in KwaZamokuhle. 
Additionally, we present similar findings for a low-
income community which has not been researched 
in the past, namely eMzinoni, close to Bethal. The 
original study was designed as a non-randomised 
control study to independently assess the health 
impacts of Eskom’s housing interventions (which 
target fuel sources for heating and cooking as well 
as dwelling insulation characteristics) in coal-using 
households in KwaZamokuhle. eMzinoni was 
selected as a control site, as it forms part of Eskom’s 
housing intervention roll-out plan and is comparable 
to KwaZamokuhle in socio-economic status and fuel 
use patterns. Due to the SARS-CoV-2 pandemic and 
the associated national lockdown, the study was 
discontinued. A rich baseline dataset for both 
communities is, however, available and is presented 
here by means of cross-sectional analysis.  

2. Methods 

2.1 Study Site 

The study was conducted between July 2019 and 
February 2020 in KwaZamokuhle and eMzinoni, 
Mpumalanga, two communities perceived to be 
similar in terms of socio-economic status. When the 
study was conceptualised in 2015, eMzinoni’s 
population was twice the size of KwaZamokuhle’s, 
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though dwelling types were similar and fuel use 
patterns were comparable (Statistics South Africa, 
2012) (Figure 1).  

 
Figure 1. Overview of the study sites, 

KwaZamokuhle and eMzinoni in Mpumalanga, 
South Africa. 

2.2 Data collection 

2.2.1 Demographic and health survey 

Several assessments were conducted in 999 
randomly selected households in both communities 
(502 in KwaZamokuhle and 497 in eMzinoni). A 
female cook from each selected household acted as 
respondent to a household survey and a detailed 
health questionnaire. These questionnaires were 
based on standardised instruments, such as the 
European Respiratory Health Study questionnaire 
(Marco et al. 1999), which was previously field 
validated in South Africa (Jeena et al. 2020). The 
household survey asked questions relating to fuel 
use patterns and the participants’ perceptions 
regarding indoor and ambient air pollution, and 
whether air pollution in those specified environments 
was considered a major or moderate problem, or no 
problem at all. Survey responses were logged using 
mobile tablets and the supporting mobile data 
capture software platform “Mobenzi Researcher® 
software” (https://www.mobenzi.com/).  

The main participant from each household took 
part in lung function testing using the Easy One 
(NDD Medizintachnik AG) Spirometry device (Miller 
et al. 2005). The lung function indices of primary 
interest included forced vital capacity (FVC) and 
forced expiratory volume in one second (FEV1). The 
FEV1/FVC ratio is used in the diagnosis of 
obstructive and restrictive lung disease. The ratio 
represents the proportion of a person’s vital capacity 
(what a person can breathe out in the first second of 
forced expiration (FEV1) in relation to the full FVC). 
In obstructive lung disease, the FEV1 is reduced due 
to an obstruction of air escaping from the lungs. This 
could, for example, be due to inflammation in the 
airways from exposure to air pollution.  

Chronic obstructive pulmonary disease (COPD) 
is a type of obstructive lung disease characterized 
by long-term breathing problems and poor airflow. 
The main symptoms include shortness of breath and 
cough with sputum (phlegm) production. The 
diagnosis of COPD is made when the FEV1/FVC 
ratio is less than 0.7 or the FEV1 is less than 75% of 
predicted. 

 The allergic/immunological status of participants 
was assessed by means of an Immunoglobulin E 
(IgE) blood test (a non-specific test for allergy to 
inhalant allergens). A positive result indicates that 
the respondent is allergic to one or more of the 
screened allergens and a negative result indicates 
that the respondent is not allergic to specific inhalant 
allergens. The test is considered positive if total IgE 
antibody is equal and above 0.35 KU/L. 

Each participant was required to give informed 
consent to partake in the study. Research Ethics 
Clearance was granted by the South African Medical 
Research Council Research Ethics Committee 
(Study ID EC006-4/2019).  

2.2.2 Environmental data 

Two stationary and centrally located ambient air 
quality monitoring stations (one in each community) 
continuously collected ambient particulate matter 
(PM2.5 specifically) concentrations from October 
2018 to September 2020.  

Airborne PM2.5 was sampled inside 20% of the 
targeted dwellings, across both communities, using 
battery operated Airmetrics MiniVol samplers with 
interchangeable impactors as well as with 
continuous TSI DustTrak monitors (DustTrak II 
Aerosol Monitor 8530 – https://tsi.com/home/). 
Concentrations of the airborne PM were expressed 
in micrograms per cubic meter (µg/m3) per 24-hour 
period on workdays. Data collected by TSI DustTrak 
monitors were downloaded directly from the 
monitors after running for 24 hours in each dwelling. 
The DustTrak instruments were factory calibrated 
before being deployed in the field and then zero 
calibrated and flow checked as per manufacturer’s 
directions. The cleaning, leak checks, and single-
point flow rate checks were conducted for the 
MiniVols as per manufacturer’s specifications.  

2.2.3 Data analysis 

Data were analysed using Stata 15 and Microsoft 
Excel and were summarised using frequencies and 
means for categorical variables and means and 
standard deviations for continuous variables. The 
prevalence of health outcomes, as reported by the 
primary cook of each household, was evaluated.  

Respiratory health outcomes were categorized 
into (a) self-reported doctor-diagnosed respiratory 
illnesses (asthma, chronic bronchitis, or hay fever, 
for example), (b) self-reported chronic respiratory 

KwaZamokuhle

eMzinoni
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symptoms (severe breathlessness and wheeze, for 
example) and (c) objectively measured health 
outcomes (lung function parameters and allergen 
sensitivity). 

Simple cross-tabulations were conducted to 
quantitatively analyse the relationship between fuel 
use patterns, the presence or absence of a ceiling 
and considered health outcomes. Environmental 
data were analysed using Microsoft Excel and daily 
means were drawn to compare the data to legislative 
guidelines using the 99th percentile (i.e., National 
Ambient Air Quality Standards - NAAQS). 

3. Results 

3.1 Demographics and fuel use 

Households consisted of five individuals on 
average, and the mean age of the primary 
participants in KwaZamokuhle and eMzinoni was 43 
and 48 years, respectively (Table 1). Despite the low 
average monthly income per household (< R 4  000) 
more than 85% of households in both study sites 
owned a television, a cell phone, a refrigerator, and 
an electric stove. Fewer households owned a water 
geyser, a vehicle, or a microwave-oven. 

A higher number of participants in eMzinoni 
reported to have completed either high school or 
primary school (63%) when compared to 
KwaZamokuhle (33%). Correlatively, a higher 
number of participants in KwaZamokuhle dropped 
out of school or did not attend school at all (56%), 
compared to eMzinoni (34%).  

A similar proportion of respondents in both 
communities were reportedly unemployed at the 
time of the survey (just over 45%). More participants 
surveyed in eMzinoni were retired than in 
KwaZamokuhle (31% versus 13%, respectively). 
One fifth of the respondents in KwaZamokuhle were 
homemakers, whereas only 1% of participants in 
eMzinoni regarded themselves as such.  

Dirty fuel use in general formed part of the 
inclusion criteria for participation in this study. Coal 
was one of the energy carriers most frequently used 
as the primary fuel for cooking and heating activities, 
although more so in KwaZamokuhle than in 
eMzinoni (Table 2). 

When asked what type of stove they generally 
used, the majority of households mentioned that 
their coal stove was the stove type they used most 
of the time (58% in KwaZamokuhle and 52% in 
eMzinoni). Remaining households (>40%) listed 
their electric stove as the stove they use most of the 
time, amongst other fuel types.  

3.2 Self-reported and measured health 
outcomes  

Self-reported respiratory diseases (though with a 
relatively low prevalence) included, amongst others, 
asthma, chronic bronchitis, pneumonia, hay fever 

and pulmonary tuberculosis (TB). In both 
communities roughly 30% of participants reported 
experiencing coughing attacks (Figure 1). About a 
third of participants in KwaZamokuhle also reported 
watery eyes and wheezing – symptoms reported by 
only about one fifth of participants in eMzinoni. Only 
1% of participants in KwaZamokuhle reported 
having a stuffy nose, whereas 20% of participants in 
eMzinoni reported the same symptom. 

Table 1. Basic demographics for the main 

participants in both study sites 

 
KwaZamokuhle 

N=499 
eMzinoni 

N=497 

Age (mean and range) 43 (18-91) 48 (18-92) 

Highest level of education completed (%) 

Tertiary qualification 6 1 

High school 31 26 

Primary school 3 37 

Still in school 4 2 

Did not attend or  finish  
school/ dropped out of  
school after a few years 

56 34 

Employment status (%) 

Homemaker 21 1 

Full time employed 7 6 

Part time employed 5 7 

Retired 13 31 

Self-employed 4 3 

Unemployed 47 48 

School 2 2 

Other  1 2 

Table 2. Primary fuel used for cooking and heating 
in both study sites 

 KwaZamokuhle 
N=384 
n (%) 

eMzinoni 
N=317 
n (%) 

 Cooking Heating Cooking Heating 

Coal 243 (63) 338 (88) 55 (17) 138 (44) 

Electricity 136 (35) 15 (4) 236 (75) 135(43) 

Gas 3 (1) - 1 (0.3) - 

Paraffin - 1(0.3) - - 

Wood - 7(2) 4 (1) 14(4) 

Animal dung 1 (0.3) - - - 

Other 1 (0.3) 10(3) - - 

The prevalence of self-reported doctor-
diagnosed respiratory health outcomes was similar 
in both communities, with the most frequently 
reported diagnosis being TB (Figure 2).  
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Figure 1. Prevalence of self-reported ill-health 

symptoms in KwaZamokuhle and eMzinoni 

 
Figure 2. Prevalence of self-reported doctor 

diagnosed respiratory illnesses in KwaZamokuhle 
and eMzinoni 

Around one third of respondents from both 
communities tested positive to the non-specific lgE 
allergy test (28% in KwaZamokuhle and 29% in 
eMzinoni).  

The mean percent predicted (i.e., age, sex and 
height-adjusted) FEV1 and FVC, as well as the ratio 

between these parameters, were similar across the 
communities and within normal ranges (Table 3). 
Ten percent of participants from KwaZamokuhle and 
9% of participants from eMzinoni, however, 
presented an indication of obstructive lung function 
(these participants had a FEV1/FVC ratio of ≤ 0.7). 

3.3 Health outcomes, fuel use and 
ceilings 

Since a relatively small fraction of the participants 
in the overall sample reportedly suffered from ill 
respiratory health, the self-reported health outcomes 
and the fuel use patterns from both study sites were 
pooled for the purposes of cross-tabulation. 

It was found that coal was used as the primary 
fuel type for cooking, but more prominently for 
heating, among people who suffered from a range of 
self-reported respiratory ill-health problems 
(including chronic respiratory disorders and self-
reported, but doctor diagnosed, health outcomes).  

More than two thirds of participants who reported 
these health outcomes lived in a dwelling without a 
ceiling (Tables 4 and 5).  

Table 3. Descriptive statistics for spirometry in 
KwaZamokuhle and eMzinoni (mean ± standard 

deviation) 

 KwaZamokuhle 

N=384 

eMzinoni 

N=317 

FEV1 (% of predicted) 93 ± 18 92 ± 19 

FVC (% of predicted) 94 ± 18 94 ± 18 

FEV1/FVC ratio 0.8 ± 0.8 0.8 ± 0.1 

Table 4. Prevalence of self-reported doctor-diagnosed respiratory illness in main participants according to 
individual energy source for heating and cooking as well as insulation. 

Energy Source  Asthma Chronic bronchitis Pneumonia Hay fever Tuberculosis 

  N= 29 (4*) 
n (%) 

N = 13 (2*) 
n (%) 

N = 8 (1* 
n (%) 

N = 7 (1*) 
n (%) 

N = 52 (7*) 
n (%) 

Used for cooking 

Electricity 12(41) 6(46) 4(50) 4(57) 29(56) 

Gas - 1(8) - 1(14) 1(2) 

Wood - - - - 1(2) 

Coal 15(52) 6(46) 3(38) 2(29) 20(39) 

Animal Dung - - - - - 

None 2(7) - 1(13) - 1(2) 

Used for heating 

Electricity 6(21) 1(8) 4(50) 1(14) 14(27) 

Paraffin/ kerosene - - - - - 

Wood - 1(8) - 1(14) 2(4) 

Coal 18(62) 9(69) 2(25) 4(57) 30(58) 

Other 1(4) 2(15) 1(13) 1(14) - 

Not heated 4(14) - 1(13) - 6(12) 

Insulation 
Ceiling 3(10) - 1(13) 4(57) 10(19) 

No ceiling 26(90) - 7(88) 3(43) 42(81) 

  *  Percentage of the overall sample 
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Table 5. Prevalence of self-reported symptoms of respiratory disorders in main participants according to individual 
energy source for heating and cooking as well as insulation. 

Energy 
Source 

 
Chronic 
cough 

Severe 
breathlessness 

Wheeze / 
whistling  

Severe wheezing resulting 
in shortness of breath 

  
N = 67 (10*) 

n (%) 
N = 111 (16*) 

n (%) 
N = 113 (16*) 

n (%) 
N = 17 (2*) 

n (%) 

Used for 
cooking 

Electricity 37(55) 62(56) 55(49) 6(35) 

Gas  2(2) 1(0.9)  

Wood  1(0.9) 1(0.9)  

Coal 27(40) 41(37) 53(47) 10(59) 

Animal Dung     

None 3(5) 5(5) 3(2.7) 1(6) 

Used for 
heating 

Electricity 19(28) 28(25) 20(18) 2(12) 

Paraffin/ 
kerosene 

    

Wood 2(3) 3(3) 5(4)  

Coal 40(60) 68(61) 77(68) 13(76) 

Other 1(2) 2(2) 5(4) 2(12) 

Not heated 5(7) 10(9) 6(5)  

Insulation 
Ceiling 14(21) 29(26) 27(24) 6(35) 

No ceiling 53(79) 82(74) 86(76) 11(65) 

  *  Percentage of the overall sample 

3.4 Environmental exposure 

3.4.1 Self-reported air quality 

When asked whether air pollution presented a 
notable problem in and around their dwellings, 
participants in eMzinoni reported that the air both 
inside (44%) and outside (60%) their dwellings was 
a major problem (Table 6). Participants in 
KwaZamokuhle reported outdoor air pollution as a 
major problem, but few reported indoor air pollution 
as a major problem.  

More than 90% of participants identified their coal 
stove as the main source of their indoor pollution. 
Other indoor air pollution sources were reported to 
be pollution from neighbouring houses, emissions 
from waste burning and road dust. 

Industrial sources of air pollution were not widely 
reported in KwaZamokuhle, but 46% of households 
in eMzinoni reported that ambient air pollution mostly 
stems from industrial activities. Road dust, 
neighbouring houses and coal stoves were reported 
to be the main ambient air pollution sources in 
eMzinoni, whereas KwaZamokuhle participants 
listed waste burning, neighbouring houses and coal 
stoves as the main contributors to ambient air 
pollution. Dust was reported to be a major problem 
in dwellings in eMzinoni, but only a moderate 
problem in KwaZamokuhle. 

Table 6. Overview of self-reported survey 
responses relating to perceived air quality 

 KwaZamokuhle 
N=502 
n (%) 

eMzinoni 
N=497 
n (%) 

Air quality indoors is  

• a major problem 78 (16) 218 (44) 

• a moderate problem 138 (28) 130 (26) 

• not a problem 286 (57) 149 (30) 

Air quality outdoors is  

• a major problem 239 (48) 299 (60) 

• a moderate problem 112 (22) 126 (25) 

• not a problem 151 (30) 72 (14) 

Three main sources of 
indoor air pollution 

Coal stove, 
neighbouring 
houses, fireplace 

Coal stove, road 
dust, neighbouring 
houses 

Three main sources of 
ambient air pollution 

Neighbouring 
houses, coal stove, 
waste burning 

Coal stove, road 
dust, neighbouring 
houses 

3.4.2 Measured environmental parameters 

Ambient PM2.5 concentrations in KwaZamokuhle 
exceeded the daily NAAQS (limit value = 40 µg/m3) 
in 2019 (96 exceedances) as well as in 2020 (75 
exceedances). For eMzinoni, the PM2.5 NAAQS was 
exceeded in 2019 only (12 exceedances) (as data 
availability in eMzinoni was poor, the NAAQS may 
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have been exceeded in 2020 during the study 
period). Highest ambient daily average PM2.5 

concentrations were measured in winter in both 
communities and, correspondingly, most daily 
average limit value exceedances took place during 
winter. A seasonal PM2.5 trend of lower 
concentrations in the summer and higher 
concentrations in winter was evident (Figure 3). 

 

 
Figure 3. Overview of ambient PM2.5 daily average 
concentrations in KwaZamokuhle and eMzinoni between 
1 Jan. 2019 and 31 July 2020. KwaZamokuhle N = 389 
and 67.3% data availability; eMzinoni N = 114 & 19.7% 
data availability. Red dotted line = hourly NAAQS limit 
value for PM2.5. (Allowed frequency of exceedances = 4) 

Highest daily indoor concentrations were 
measured in the colder months (July and August). 
Even in the warmer months (from September to 
October), indoor concentrations were mostly higher 
than the corresponding daily ambient PM2.5 
concentrations, measured at the centrally-located 
ambient monitoring site (Figures 4 and 5). 

 
Figure 4. Daily average indoor and ambient PM2.5 
concentrations in KwaZamokuhle (daily indoor 
measurements represent different dwellings). 

In the absence of a legislated indoor threshold, 
the NAAQS for PM2.5 was used for contextualization 
purposes. When considering the 99th percentile, 
>90% of the indoor measurements were above the 
daily NAAQS limit value of 40 µg/m3 in 
KwaZamokuhle. In eMzinoni, >70% of the indoor 
measurements were above the daily NAAQS limit 
value (Figures 4 and 5).  

 

Figure 5. Daily average indoor and ambient PM2.5 
concentrations in eMzinoni (daily indoor 
measurements represent different dwellings). 

Daily indoor PM2.5 concentrations in 
KwaZamokuhle were generally higher than indoor 
concentrations in eMzinoni, and the same trend was 
evident for ambient PM2.5 concentrations (Figure 6).  

 
Figure 6. Box plots of daily indoor and ambient 
PM2.5 concentrations at both study sites (25th, 50th, 
75th percentiles and minimum and maximum 
concentrations). 

4. Discussion 

4.1 Fuel use and air quality 

Though to varying degrees, a large proportion of 
study households in both KwaZamokuhle and 
eMzinoni used coal stoves for heating and cooking 
activities; they also made use of a range of other fuel 
sources, including electricity. Our findings confirm 
what has been found in previous studies in low-
income communities on the Mpumalanga Highveld, 
namely that domestic fuel use habits vary; 
households rely heavily on coal for heating and 
cooking; and households switch between various 
fuel sources to meet their energy needs (Nkosi et al. 
2018).  

 Reports can also be linked to previous study 
findings in which coal stoves were found to be a 
large source contributor towards ambient and indoor 
air pollution levels in low-income communities on the 
Highveld (Nkosi 2018, Bosman 2019). Similarly, a 
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previous study in KwaZamokuhle found that coal 
combustion was a large contributor to aerosol 
loading, particularly so in the winter months, where 
52% of the fine fraction PM measured could be 
attributed to coal combustion (Wernecke 2018; 
Language 2020). Another study showed that indoor 
PM4 concentrations in a typical solid fuel burning 
house in KwaZamokuhle were almost consistently 
higher than the indoor PM4 concentrations measured 
in a typical non-solid fuel burning house (Adesina et 
al. 2020). 

Our study showed that ambient PM2.5 
concentrations exceeded the daily average NAAQS, 
especially in winter. Daily indoor measurements 
showed that indoor PM2.5 concentrations were 
higher than national standards. Despite households 
in eMzinoni reportedly using more electricity for 
heating and particularly for cooking when compared 
to households in KwaZamokuhle, when considering 
measured indoor and ambient PM2.5 concentrations, 
indoor PM2.5 concentrations were similarly high, 
exceeding NAAQS daily standards. This would 
suggest that other sources, besides coal stoves 
used for heating or cooking would contribute to 
indoor air pollution. A different indoor source not 
accounted for in this study could have been present, 
ambient air pollution could also have infiltrated the 
indoor environment – a phenomenon which has 
been shown in previous studies 
(Sompornrattanaphan et al. 2020). 

Previous indoor and ambient air quality 
measurements in KwaZamokuhle found that 
residents are exposed to indoor concentrations of 
particulate matter which are up to seven times higher 
than ambient concentrations in the winter months, 
whereas summer indoor and ambient concentrations 
are more comparable (Language et al. 2016). 

4.2 Air quality and health 

The prevalence of doctor-diagnosed outcomes 
was very low across both communities and, apart 
from TB, was lower than 5%. This contrasted with 
the higher prevalence of self-reported chronic 
respiratory symptoms.  

The results showed that 29% and 21% of 
participants in KwaZamokuhle and eMzinoni, 
respectively, experienced wheezing episodes in the 
year preceding the study. This is almost twice as 
high than what was reported for wheezing in another 
study conducted in a low-income community in 
KwaZulu-Natal where 16% of participants reported a 
wheezing episode in the past 12 months but where 
the fuel used for cooking and heating activities was 
highly varied and not primarily solid fuels (Buthelezi 
et al. 2019). Other studies have identified lower 
respiratory tract symptoms (cough, wheeze, chest 
tightness and shortness of breath) to be strongly 
associated with PM exposure (Manisalidis 2020, 
Masekela & Vanker 2020).  

Wheeze is a symptom that serves as an 
important proxy for asthma, particularly among those 
with repeat and persistent wheeze. The high 
prevalence recorded in these communities, 
compared with the low doctor-diagnosed outcomes, 
may imply access to health care, or appropriate 
management of health outcomes. These anomalies 
between reported symptoms and doctor diagnosed 
outcomes have been repeatedly reported in 
community-based studies in South Africa (Naidoo et 
al. 2013). 

A causal association between PM exposure and 
the exacerbation of allergic rhinitis (a disease 
characterized by IgE-mediated inflammation of the 
nasal mucosa occurring when a person is exposed 
to an aeroallergen) has been found to exist 
(Sompornrattanaphan et al. 2020). It has also been 
suggested that long-term exposure to PM could 
contribute to the development of allergic respiratory 
disease (Sompornrattanaphan et al. 2020), perhaps 
linking with the finding that a third of participants 
tested positive for inhalant allergens in our study.  

Air pollution impacts on mortality and morbidity 
represent a large health care burden, and HAP 
exposure attributed to domestic burning is 
associated with several adverse health impacts, 
including impacts on the respiratory system (Chen 
2020, Orellano et al. 2020). Local studies have 
measured HAP and respiratory health outcomes, 
associations between respiratory outcomes and the 
use of non-electrical fuel sources for domestic 
burning activities (Shirinde et al. 2014, Elf et al. 
2017, Buthelezi et al. 2019).  

The lung function findings were generally in the 
range expected for a community-based sample: In 
the large European Community Respiratory Health 
Survey, with over 4 000 respondents with lung 
function test results, the FEV1/FVC ratio was in the 
same range as seen in our study sample (Götschi et 
al. 2008). The comparison across the two 
communities showed no meaningful difference. Of 
note, however, was the approximately 10% of the 
sample having some evidence of obstructive 
airways. Combined with the high prevalence of 
reported respiratory symptoms, there is strong 
evidence of adverse respiratory health within these 
communities – most of whom are not under clinical 
care. 

Air pollution has been associated with declines in 
lung function, particularly with short-term exposure 
and acute effects on lung function (Mentz et al. 2019, 
Olaniyan et al. 2019), but also chronic effects with 
exposure (Schraufnagel et al. 2019). Our data are 
currently being analysed to assess whether 
pollution-lung function associations exist in these 
communities.  
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4.3 Socio-eonomic demographics  

Household demographics in the low-income 
communities of KwaZamokuhle and eMzinoni are 
akin to those found elsewhere on the Mpumalanga 
Highveld: isiZulu represents the main spoken 
language and most of the people living in the 
households who participated in this study were Black 
African (Statistics South Africa 2016).  

 Half of the households in KwaZamokuhle and 
eMzinoni reported a monthly income of R 2 000 or 
less, and R 1 700 or less, per household, 
respectively. Though the median value for monthly 
income of the study household lies above the 2020 
national inflation-adjusted upper-bound poverty line 
of R 1 268, a large proportion of study households 
live very close to or under this poverty line (Statistics 
South Africa 2020). These findings mirror what was 
found country-wide where 49% of the adult 
population was living below the upper-bound poverty 
line in the 2014/2015 Living Conditions Survey 
(Statistics South Africa 2018). 

When compared to KwaZamokuhle and the 
province, household participants in eMzinoni 
reported marginally higher education levels with 
almost 11% of participants having completed a 
tertiary degree (compared to 3% in KwaZamokuhle 
and 8% in Mpumalanga Province) and about 23% of 
members having finished primary school (compared 
to 2% in KwaZamokuhle and 9% at a province level) 
(Statistics South Africa 2016). The two study 
communities fared worse than the general provincial 
populace with only around one fifth of household 
members in both KwaZamokuhle and eMzinoni 
reportedly having completed secondary school; one 
third of the population over the age of 20 years in 
Mpumalanga had completed secondary school 
(Statistics South Africa 2016). 

4.4 Pertinant points for potential 
interventions 

While source apportionment analyses were not 
conducted, participants reported coal stoves and 
neighbouring houses as main indoor air pollution 
sources and waste dumps, neighbouring houses 
and coal stoves as main ambient air pollution 
sources. In conjunction with previous findings that 
52% of the fine fraction of the aerosol loading in the 
ambient environment in KwaZamokuhle could be 
attributed to coal combustion (Eskom 2017; 
Wernecke 2018), this study provides evidence that 
interventions aimed at reducing coal and waste 
burning activities could have substantial impacts on 
air quality in these areas. Also, other risk factors 
such as the lack of a ceiling or structural integrity of 
the dwellings should not be overlooked. We saw 
limited differences in indoor PM2.5 concentrations 
between the communities, despite differences in 
energy usage. This could imply that the contribution 
of ambient air pollution cannot be excluded. 

Similarly, the reduction in ambient air pollution will 
represent an important intervention to reduce 
exposure to PM in the ambient and perhaps even in 
the indoor environment.  

Communities with a large proportion of members 
with low expendable income often lack agency and 
choice (Department of Environmental Affairs 2016). 
For sustenance of any intervention requiring 
resources provided by the household, consideration 
of these challenges is critical. 

Though preliminary pilot study findings showing 
the effectiveness of housing interventions in 
reducing indoor air pollution levels have been 
published for KwaZamokuhle (Adesina et al. 2020b), 
and the potential for moving households to cleaner 
energy through interventions has been explored 
(Langerman et al. 2018), whether these 
improvements will see positive health effects  in 
either of these communities would be best 
ascertained in a multi-year, multi-site randomized 
control trial study.  

5. Conclusion 

With the cross-sectional analysis of this 
population sample we were able to better 
understand indoor and ambient PM concentrations 
in two low-income communities on the Mpumalanga 
Highveld. We also sought to investigate the 
prevalence of specific respiratory ill-health 
conditions and to consider the link between this 
specific environmental risk factor and the considered 
health outcomes. The results confirmed that high 
indoor and ambient PM2.5 concentrations in these 
communities present a health risk, as they exceed 
the NAAQS. Given the health risk posed by the poor 
air quality in KwaZamokuhle and eMzinoni, the 
prevalence of respiratory health outcomes 
previously linked to PM2.5 exposures in these 
communities, such as wheezing, shortness of breath 
and coughing attacks, is not surprising. Due to the 
low prevalence of these health outcomes however, it 
is difficult to link these respiratory health outcomes 
to air pollution exposure.  

For the purpose of a HAP intervention design, 
potentially targeting the fuel source predominantly 
used for heating or cooking, as well as an insulation 
intervention, this study showed that those reportedly 
suffering from a range of respiratory health 
outcomes mostly made use of coal as their primary 
source for cooking and heating. Similarly, most of 
those who reported respiratory health outcomes did 
not have a ceiling in their home. Any associations 
between environmental risks and health outcomes 
are seldom straightforward and should be framed 
within the context of social determinants of health 
(Marmot 2004) and confounding factors. It was the 
original intention of this study to better understand 
the health implications of housing interventions 
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aimed at reducing indoor air pollution. Though the 
study was cancelled in its original form, the baseline 
data collected in these two communities are valuable 
contributions to the household air pollution and 
health space in South Africa.  
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 SUSTAINABLE AIR QUALITY IMPROVEMENT SOLUTIONS 

 
OOuurr  SSttoorryy  

WWee  hheellpp  oorrggaanniizzaattiioonnss  ccoommppllyy  wwiitthh  
aapppplliiccaabbllee  aaiirr  qquuaalliittyy  rreegguullaattoorryy  

rreeqquuiirreemmeennttss  aanndd  ooppttiimmiizzee  
eennvviirroonnmmeennttaall  ppeerrffoorrmmaannccee  ffoorr  lloonngg--

tteerrmm  ssuussttaaiinnaabbiilliittyy..  
  

WWee  aarree  rreeccooggnniizzeedd  eexxppeerrttss  aatt  eeffffiicciieennttllyy  aanndd  
ccoosstt--eeffffeeccttiivveellyy  ssoollvviinngg  ccoommpplleexx  aaiirr  qquuaalliittyy  
rreegguullaattoorryy  iissssuueess  ffoorr  oouurr  cclliieennttss..  

OOuurr  MMiissssiioonn  
• WWee  ddeevveelloopp,,  mmaannaaggee,,  aanndd  ddeelliivveerr  

ssuussttaaiinnaabbllee  aaiirr  qquuaalliittyy  ssoolluuttiioonnss  tthhaatt  aarree  
iinnnnoovvaattiivvee  &&  oobbjjeeccttiivvee,,  ttoo  aaccccoommpplliisshh  oouurr  
cclliieennttss’’  oobbjjeeccttiivveess..  

OOuurr  VViissiioonn  
TToo  iimmpprroovvee  tthhee  wwoorrlldd’’ss  aaiirr  qquuaalliittyy  bbyy  pprroovviiddiinngg  
ssuussttaaiinnaabbllee  aaiirr  qquuaalliittyy  ssoolluuttiioonnss  ttoo  ccoommpplleexx  

pprroobblleemmss..    

OOuurr  SSeerrvviicceess  
OOuurr  tteeaamm  ooff  eennggiinneeeerrss  aanndd  sscciieennttiissttss  hhaavvee  aa  
pprroovveenn  ttrraacckk  rreeccoorrdd  iinn  ddeelliivveerriinngg  eexxppeerrtt  
iinnssiigghhtt  aanndd  ttaaiilloorreedd  aaiirr  qquuaalliittyy  ssoolluuttiioonnss  ffoorr  
iinndduussttrryy,,  ggoovveerrnnmmeenntt,,  rreesseeaarrcchh,,  aanndd  tthhee  
aaccaaddeemmiicc  sseeccttoorrss..  OOuurr  ssuuiittee  ooff  aaiirr  qquuaalliittyy  
sseerrvviicceess  iinncclluuddee::  
✓ AAiirr  QQuuaalliittyy  RReegguullaattoorryy  &&  PPoolliiccyy  

SSeerrvviicceess  
✓ AAiirr  QQuuaalliittyy  IImmppaacctt  &&  RRiisskk  AAsssseessssmmeennttss  
✓ AAiirr  QQuuaalliittyy  OOffffsseettttiinngg  

✓ CCoosstt  BBeenneeffiitt  AAnnaallyyssiiss  ffoorr  AAiirr  QQuuaalliittyy  
✓ DDiissppeerrssiioonn  &&  PPhhoottoocchheemmiiccaall  MMooddeelllliinngg  
✓ AAmmbbiieenntt  AAiirr  QQuuaalliittyy  MMeeaassuurreemmeennttss  
✓ NNAAEEIISS  qquuaannttiiffiiccaattiioonn  &&  rreeppoorrttiinngg  
✓ AAiirr  QQuuaalliittyy  TTrraaiinniinngg  &&  DDeevveellooppmmeenntt  
✓ CClliimmaattee  RRiisskk  &&  AAsssseessssmmeenntt  
  
  
  
CCoonnttaacctt  UUss  
AAvviisshhkkaarr  RRaammaannddhh  
PPhhoonnee::  008844  669900  77996699  
EEmmaaiill::  aavvii@@aarrmm--aaiirr..ccoo..zzaa  
wwwwww....aarrmm--aaiirr..ccoo..zzaa  
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AQMIS@webLakes.com
www.webLakes.com/AQMIS

INTEGRATED EMISSIONS, MONITORING, MODELING, AND RISK

ENVIRONMENTAL
MANAGEMENT SOLUTION

Comprehensive Emissions Inventory

Intelligent Air Monitoring Analytics

Forecasts Air Concentrations and AQI’s with 
Neural Net Artificial Intelligence

Employs Advanced Air Models such as CALPUFF, 
SCIPUFF/SCICHEM, WRF-CHEM, and CMAQ

Reduces Cost for Environmental Compliance

Protects Human Heath and the Environment

Protects your Facilities from Expensive 
Enforcement Penalties and Tort Litigation

A Joy to Use!

www.webLakes.com/AQMIS
View our AQMIS Cloud Video!
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Do you need results that are reliable, accurate, on 
time and within budget? Do you need support in 
decision making on environmental problems? Do 
you require a solution to your most pressing and 
difficult environmental problems? Do you want to 
be a responsible and considerate corporate citizen? 
Do you want to make a positive difference?

Partner	with	us.	We	are	the	only	ISO9001:2015	certified	
and ISO17025:2017 accredited facility in South Africa. 
We are backed by a team of engineers and scientists with 
over 100 years combined experience positioning us as 
recognised industry leaders that go the extra mile. 
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Air for 
Tomorrow?

We will test your air quality 
today so you can breathe 

tomorrow

+27 11 590 3000 (JHB) 

+27 31 100 1300 (DUR)

www.skyside.co.za

info@skyside.co.za

Creating a brighter tomorrow
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For all your Air Pollution Monitoring requirements contact us on:
www.airpolguys.com  info@airpolguys.com

012 803 5124 / 012 803 5126

Air Pollution is Breathtaking!!!

Proud Sole Distributors Of:

And more...

Joint Distributors Of:

Envitech
Smart Environmental Monitoring

a TSI Company
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LEGAL COMPLIANCE NSP 
ACT (27 of 2003) 01

PUBLIC CONFIDENCE IN 
YOU AS A SCIENTIST03

CODE OF CONDUCT  – 
TRUST FOR ETHICAL 
VALUES 

05

RECOGNITION AS A 
PROFESSIONAL02

MARKETABILITY 
(EMPLOYERS REQUIRE 
REGISTRATION)

04

INPUT TO GOVERNMENT – 
SACNASP VOICING SCIENTISTS’ 
INPUT AT MINISTERIAL LEVEL

06

NETWORKING – WEBINARS, 
WEBSITE NETWORKING 
PORTAL

07

POTENTIAL FAVOURABLE 
RATES FOR PROFESSIONAL 
INDEMNITY INSURANCE

08

CAREER ADVERTISEMENTS – 
EMPLOYERS ADVERTISE 
VACANCIES ON SACNASP 
WEBSITE AND SOCIAL MEDIA

09

VOLUNTARY ASSOCIATION 
EVENTS – NETWORK WITH 
FIELD OF PRACTICE PEERS 
AND GAIN VOCATIONAL 
CAREER ADVICE

10

FACILITATES LIFELONG LEARNING 
THAT IS CRUCIAL TO A 
PROFESSIONAL’S CAREER PATH – 
CANDIDATE MENTOR PROGRAMME

11

CONTINUING PROFESSIONAL 
DEVELOPMENT – ONLINE 
LEARNING

12

REGISTRATION WITH

www.sacnasp.org.za

 
Suite L4 and U13, Enterprise Building
Innovation Hub, Pretoria
Gauteng

Tel: +2712 748 6500
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   working together for cleaner air

Air Quality Offsets – Fact Sheet
Did you know?

Examples of Air 
Quality Offsets

How far are we?

What are Air 
Quality Offsets?

For more information 
contact:

What are we 
doing?

According to the medical journal, The Lancet 
2015, indoor air pollution arising from the 
burning of coal and wood for domestic 
cooking and heating is the 8th leading 
risk factor to human health.  Ambient air 
pollution is the 6th leading risk factor.

• Switching households to cleaner energy   
 sources,
• Low emission appliances and insulation,
• Reducing domestic waste burning and   
	 reducing	emissions	from	landfills.

• Eskom has completed a pilot intervention in  
 150 households in KwaZamokuhle, a low  
 income community near Hendrina Power Station,
• Moving forward, Eskom will implement in three  
 leading sites, namely; KwaZamokuhle (near  
 Hendrina), Ezamokuhle (near Majuba) and   
 Sharpeville (near Lethabo) - power stations in 
 the near future.

An	air	quality	offset	is	specifically	implemented	
to counterbalance the negative environmental 
impact of air pollution, by introducing inter-
ventions to improve air quality at ground level. 
Eskom’s	coal-fired	power	stations	are	required	
to implement air quality offsets in the commu-
nities that are most impacted by emissions. 

Email: airqualityoffsets@eskom.co.za
Website: http://www.eskom.co.za/AirQuality/

• Eskom is insulating households in low income  
 communities around some of its power stations 
 to help increase thermal comfort in the households,

• Insulating homes reduces energy needs related  
 to cooling in summer, by preventing heat from  
 entering the household and in winter   
 by preventing heat from escaping the homes,

• Eskom is replacing coal and wood burning  
 stoves with cleaner alternatives for example,  
 hybrid stoves and gas heaters. 

• Eskom is also addressing waste burning   
 activities in the Vaal area.

1 2

3 4

5
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